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Chapter1
Introduction
1.1 Carbon-enhanced metal-poor stars
In a simplified picture, the Milky Way consist of three distinct components:
a relatively flat disk of stars and gas with a stellar bulge in the centre and
surrounded by a roughly spherical halo of stars. The Galactic disk has a diameter
of about 30 kpc and is approximately 0.2 kpc thick. The bulge is a spheroid of
radius 2.5 kpc. The size of the halo is uncertain and may extend up to a distance
of 100 kpc from the Galactic centre. The stellar populations observed in these
three components differ in dynamical properties and chemical composition.
The stars in the disk have nearly circular orbits close to the Galactic plane and
chemical compositions that vary from one tenth of the solar metallicity1 up to
1The metallicity Z of an object is defined as the fraction in mass of the “metals”, i.e. all the elements
with atomic number larger than helium. For example, the metallicity of the Sun is Z = 0.014
(Asplund et al., 2009).
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approximately the metallicity of the Sun. The stars in the bulge and in the halo
typically have eccentric orbits at high inclinations with respect to the Galactic
plane. The metallicities of stars in the bulge vary in a range from approximately
one tenth up to five times the solar metallicity. The stars in the halo are among
the oldest and most metal-poor object that we observe (Matteucci, 2001; Battaglia
et al., 2005; Juric´ et al., 2008; Ivezic´ et al., 2012; Rix & Bovy, 2013; Bensby et al.,
2013; Ness et al., 2014; Bensby et al., 2014).
Very metal-poor stars in the Galactic halo were formed during the early stages
of evolution of the Milky Way, when the chemical composition of the interstellar
medium was almost primordial and it had been enriched only by the first few
stellar generations. The stars observed in the halo are typically of low mass and
have hardly evolved since they were formed; therefore, the observed chemical
compositions of these stars carry information about the primordial conditions
under which our Galaxy was formed. The commonly adopted indicator of
stellar metallicity is the abundance of iron observed in the star relative to that in
the Sun, namely:
[Fe/H] = log10
(NFe
NH
)
∗
− log10
(NFe
NH
)

, (1.1)
where NFe and NH are the number densities of iron and hydrogen atoms, re-
spectively, and the symbols ∗ and  indicate the abundances determined in the
star and in the Sun. A star is usually defined as metal-poor if [Fe/H] < −1 and
very metal-poor if [Fe/H] < −2.
In the last thirty years there have been increasing efforts to identify very
metal-poor stars in the stellar populations of the Milky Way with wide-field
spectroscopic surveys. The HK survey of Beers et al. (1985, 1992), the Ham-
burg/ESO survey of Christlieb et al. (HES, 2001, 2008) and the SDSS/SEGUE
survey (York et al., 2000; Gunn et al., 2006; Yanny et al., 2009) have led to the
discovery of tens of thousands of very metal-poor stars down to metallicities
below [Fe/H] = −5. The detailed analysis of high-resolution spectra of many
of these very metal-poor stars have revealed a surprisingly large fraction of
chemically peculiar stars which exhibit strong enrichments or deficiencies of
many elements such as carbon, nitrogen, oxygen, sodium, magnesium and
heavy elements produced by the slow and rapid neutron-capture processes (s-
and r-elements, respectively). Among these chemically peculiar stars the largest
proportion is made up by stars enriched in carbon, called carbon-enhanced
metal-poor (CEMP) stars.
3
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The carbon-enhancement phenomenon was first discovered in the pioneer-
ing work of Keenan (1942), that presents the spectral analysis of five stars with
iron abundances between −2 and −1. These stars were named CH stars be-
cause their spectra exhibit an unusually strong CH G-band absorption feature
at 4300Å. Since their first discovery, the number of stars that exhibit similar
features has grown signficantly. Over the past three decades many more metal-
poor candidates selected from the HK and HES surveys have been studied with
high-resolution spectroscopy and have revealed carbon-to-iron ratios that are
up to several orders of magnitude larger than the solar ratio. The selection
criterion usually adopted for the definition of CEMP stars is [C/Fe] > 1, i.e. the
carbon-to-iron ratio is larger than ten times the solar value (Beers & Christlieb,
2005). More recently a number of authors have adopted slightly different crite-
ria, namely [C/Fe] > 0.5 and [C/Fe] > 0.7 (Aoki et al., 2007; Yong et al., 2013b;
Lee et al., 2013).
Many authors have studied samples of halo stars to determine the frequency
of the carbon-enhancement phenomenon among metal-poor stars. Frebel et al.
(2006) and Carollo et al. (2012) show that the fraction of CEMP stars among
metal-poor stars increases with increasing distance from the Galactic plane.
Furthermore, the results of many authors have confirmed a strong increase
of the cumulative fraction of CEMP stars with decreasing metallicity. From a
minimum of about 3% for stars with [Fe/H] < −1 the cumulative fraction rises
to 15% for [Fe/H] < −2, 30% for [Fe/H] < −3 up to 75% for [Fe/H] < −4 (Beers
& Christlieb, 2005; Marsteller et al., 2005; Rossi et al., 2005; Frebel et al., 2006;
Lucatello et al., 2006; Carollo et al., 2012; Lee et al., 2013; Norris et al., 2013; Yong
et al., 2013b).
CEMP stars are usually classified according to the observed abundances of
barium and europium, two neutron-capture elements traditionally associated
with the s- and r-process, respectively. The following classification is adopted
throughout this thesis:
• CEMP-s stars exhibit enhanced abundances of s-elements and are defined
by the criteria [Ba/Fe] > 0.5 and [Ba/Eu] > 0. CEMP-s stars account for
at least 80% of all observed CEMP stars (Aoki et al., 2007). Two groups
of CEMP-s stars are identified according to the observed abundances of
europium:
– CEMP-s/r stars are europium-enriched, namely [Eu/Fe] > 1.
4
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– CEMP-s/nr stars, or r-normal CEMP-s stars, are defined by [Eu/Fe] ≤ 1.
• CEMP-r stars are enriched in elements produced by pure r-process and are
defined by the criteria [Eu/Fe] > 1 and [Ba/Eu] < 0. Only one CEMP-r
star is currently documented (Sneden et al., 2003b).
• CEMP-no stars do not exhibit peculiar enhancements in elements heavier
than iron (Aoki et al., 2002c).
Other authors use a variety of definitions similar to those presented above
(Beers & Christlieb, 2005; Jonsell et al., 2006; Masseron et al., 2010). The lack of
general consensus on the criteria to identify the different groups is a consequence
of the difficulty in isolating the contributions of the s- and r-processes, because
elements are not purely produced by one process alone. For example, a small
fraction of the cosmic abundance of europium is produced by the s-process,
therefore the relatively low abundances of europium observed in CEMP-s/nr
stars likely have an s-process origin. Similarly, some amount of barium is
also produced by the r-process (Arlandini et al., 1999; Bisterzo et al., 2011).
Distinguishing between the contributions of the two processes is important
because they are believed to occur in different astrophysical sites. The s-process
is active at relatively low neutron densities, 106 to 1010 cm−3, that are reached in
the interiors of low-mass stars (below eight solar masses2) in the final stages of
evolution and possibly also in rotating massive stars (M ≈ 25 M, e.g. Pignatari
et al., 2008, 2010). On the other hand, the r-process occurs at neutron densities
above 1020 cm−3 and is usually associated with explosive environments, such
as type II supernovae and merging neutron stars (Seeger et al., 1965; Gallino
et al., 1998; Thielemann et al., 2011; Matteucci et al., 2014; Reifarth et al., 2014).
Consequently, the interpretation of the observed compositions in CEMP stars in
the light of models of stellar nucleosynthesis provides unique insights into the
nature of the nucleosynthetic processes at low metallicity and the astrophysical
conditions and sites in which they occur.
1.2 The origin of CEMP stars
The scenarios proposed to explain the formation of CEMP stars include: (1) a
primordial enrichment with carbon of the gas clouds in which these stars were
2In astronomy the mass of the Sun is normally adopted as mass unit: 1 M = 1.99 × 1030 Kg.
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formed, (2) intrinsic internal production of carbon in low mass-stars of extremely
low [Fe/H], or (3) mass-transfer of carbon-enriched material in binary systems
from a thermally-pulsing asymptotic giant branch (AGB) primary star to the
presently observed low-mass companion.
In the first scenario the observed level of carbon is already present in the star
at the moment of its formation and it is produced by zero-metallicity massive
stars (Woosley & Weaver, 1995; Mackey et al., 2003; Meynet et al., 2006, 2010) or
expelled by the supernovae associated with the first generations of stars (Umeda
& Nomoto, 2003, 2005; Ito et al., 2013). This scenario is supported by the detection
of carbon enrichment in very metal-poor damped-Lymanα systems3 at redshift
z = 2.3 (Cooke et al., 2011). In the second alternative, metal-free low-mass stars
may have experienced unusually efficient mixing that dredged up internally
produced carbon to the stellar surface (Fujimoto et al., 1990, 2000; Picardi et al.,
2004). This scenario was explored in the past but it is currently considered rather
unlikely because it invokes exotic mixing episodes and it does not account for
all the observed properties of CEMP stars. In the third scenario, the carbon-
enhanced material was transferred in the past from the envelope of an AGB
primary star to the surface of the presently observed low-mass secondary star.
After the end of the AGB phase the primary star became a white dwarf that
is presently too faint to be observed. Because the nucleosynthesis processes of
AGB stars produce carbon and s-elements at the same time, the binary scenario
provides a natural explanation of the chemical composition observed in CEMP-s
stars. Furthermore, many CEMP-s stars exhibit radial velocity variations that
indicate the presence of a binary companion star. Lucatello et al. (2006) perform
a statistical analysis of the radial velocity variations observed in a sample of
CEMP-s stars and conclude that the fraction of CEMP-s stars with a binary
companion is consistent with the hypothesis of all being part of a binary system.
This result was recently confirmed by Starkenburg et al. (2014) on a larger sample
of stars.
The binary scenario is widely accepted to explain the observed abundances
in CEMP-s stars but it has some difficulties in explaining the characteristics of
CEMP-no and CEMP-s/r stars. For example, many observed CEMP-no stars do
not show any evidence for the presence of a binary companion (Norris et al.,
2013; Hansen, 2014). Furthermore, the low abundances of s-elements observed
3Distant galaxies observed as absorption-line systems with neutral-hydrogen column densities
above 1020.3 atoms cm−2 are known as damped-Lymanα systems.
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in CEMP-no stars are difficult to reconcile with models of AGB nucleosynthe-
sis, which typically produce abundant s-elements (with the exception of some
models of stars more massive than 3 M). Because CEMP-no stars are especially
frequent at [Fe/H] < −3 their observed characteristics appear to be consistent
with the first scenario, which implies that these stars were formed from a gas
cloud enriched in the nucleosynthetic products of the earliest generations of
stars of the Galaxy (e.g., Ryan et al., 2005).
The binary scenario does not naturally explain the enrichment of r-elements
observed in CEMP-s/r stars, because models of AGB nucleosynthesis do not
reach neutron densities large enough to activate the r-process (Busso et al.,
1999). Several different scenarios have been proposed to explain the origin of
CEMP-s/r stars (Jonsell et al., 2006). One hypothesis is that these stars originate
in regions already enriched in r-elements because of the nearby explosion of
one or more type II supernovae and are subsequently enriched in s-elements
by accreting material from an AGB companion (Sneden et al., 1994, 2008; Bis-
terzo et al., 2011). In an alternative scenario, a relatively massive primary star
(M > 5 M) transfers the s-rich material to the companion during the AGB phase
and subsequently explodes as an electron-capture or a Type 1.5 supernova that
produces the r-elements (Cohen et al., 2003; Zijlstra, 2004; Wanajo et al., 2006).
In a variant of this scenario, the star that explodes is the third component in a
hierarchical triple system (Cohen et al., 2003). A third hypothesis is that AGB
stars at extremely low metallicity (Z < 10−5, Fujimoto et al., 2000; Campbell,
2007; Campbell & Lattanzio, 2008; Campbell et al., 2010), beside the s-process,
may in certain conditions be able to produce sufficiently large neutron fluxes
to activate the r-process (Lugaro et al., 2009; Herwig et al., 2011; Reifarth et al.,
2014). All these proposed scenarios come with some problems: in the first
case the enrichment in r- and s-elements are independent of each other: con-
sequently, europium abundances in CEMP-s/r stars would be expected to be
uncorrelated with, e.g., barium. However, the enhancements of barium and
europium observed in CEMP-s/r stars are correlated, as they are in CEMP-s/nr
stars, in which both elements are products of AGB nucleosynthesis. The sec-
ond scenario is considered implausible, because it invokes either massive AGB
stars, which are not expected to produce large amounts of s-elements and it
is not clear if they would produce r-elements by exploding, or (in the case of
a triple system) multiple episodes of efficient mass transfer between stars at
wide separations. Finally, the third scenario is speculative, as presently there
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are no detailed nucleosynthetic models that calculate the r-element distribution
produced by extremely metal-poor AGB stars and it is not clear if this scenario
would work at the metallicities of observed CEMP-s/r stars (Z ≈ 10−4). Despite
these problems, the binary mass-transfer scenario is the best candidate to ex-
plain the origin of CEMP-s stars and several studies have successfully adopted
models of AGB nucleosynthesis to reproduce the abundances observed in many
CEMP-s stars (e.g. Bisterzo et al., 2011, 2012; Placco et al., 2013). The same
scenario has also been adopted to explain the abundances of barium stars (Web-
bink, 1986; Boffin & Jorissen, 1988; McClure & Woodsworth, 1990), which are
thought to be the analogues of CEMP stars, at higher metallicity ([Fe/H] & −1).
To understand the origin of CEMP stars it is necessary to investigate very
different subjects of modern astronomy, namely: (1) stellar evolution and AGB
nucleosynthesis at low metallicity, (2) binary evolution, in particular related to
wind mass transfer, and (3) the properties of the metal-poor stellar population
in the Milky Way, especially aspects that are poorly constrained such as the ages
of the observed stars, the initial chemical composition with which they were
born, the initial mass function (i.e. the frequency distribution of stellar masses
at birth), the fraction of binary stars and the distributions of separations at which
binary stars were formed. The study of how these different aspects concur in
the formation of CEMP stars is the subject of this thesis. The main ingredients
of this study are reviewed in the following sections.
1.3 AGB evolution and nucleosynthesis
The asymptotic giant branch is the last nuclear-burning stage in the life of stars
with initial masses between 0.8 M and 8 M. The stellar radius and luminosity
of the star increase during this phase by a factor of a hundred to a thousand and
strong mass loss, from 10−8 up to 10−4 Myr−1, gradually expels the convective
envelope and enriches the interstellar medium with the elements synthetised
in the stellar interior. The internal nucleosynthesis of AGB stars is responsible
for the production of many isotopes of light elements such as carbon, nitrogen,
fluorine, neon, sodium, magnesium, and a variety of elements heavier than iron
produced by the slow neutron-capture process. Because of the combination of
strong mass loss and extensive nucleosynthesis, AGB stars are crucial for our
understanding of the origin of the elements in the Universe (Iben, 1991; Busso
et al., 1999; Travaglio et al., 2004; Herwig, 2005; Romano et al., 2010; Kobayashi
8
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Convective envelope
Hydrogen-burning shell
intershell region
helium-burning shell
degenerate C-O core
Figure 1.1: Schematic structure of an AGB star (adapted from Karakas et al., 2002).
Below the convective envelope, the helium-burning shell and the hydrogen-
burning shell surround the degenerate carbon-oxygen core and are separated by
an intershell region rich in helium and carbon (sizes are not to scale: the radial
thickness of the convective envelope is approximately 105 times larger than the
hydrogen-exhausted core).
et al., 2011).
An AGB star is characterised by two nuclear burning shells that are activated
alternately, the innermost burning helium above a degenerate carbon-oxygen
core, and the outer burning hydrogen below a convective envelope. These
two shells are separated by a thin layer rich in helium and carbon which is
called intershell region (Fig. 1.1). The energy production in the AGB phase
is dominated by the hydrogen shell, while for most of the time the helium
shell is inactive. As hydrogen is burned in the outer shell, the mass of the
intershell region grows because of the newly produced helium. Consequently,
temperature and density increase at the bottom of this region. When the mass
of the intershell reaches a critical value, helium is ignited in the innermost shell
causing a thermonuclear runaway known as helium-shell flash or thermal pulse.
The helium-burning shell flashes approximately every 104 years, depending
on the mass of the hydrogen-exhausted core and on the chemical composition
of the star. The energy produced in a thermal pulse drives convection that
mixes the products of the helium burning (mainly 12C) throughout the intershell
region. Furthermore, the large energy release expands the outer layers, with
9
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two important consequences: (i) the hydrogen shell is driven out to cooler and
less dense regions, with the result that nuclear burning is extinguished in the
shell and (ii) the inner edge of the convective envelope moves inwards and in
some cases penetrates beyond the extinct hydrogen shell. This episode of deep
convection, known as third dredge-up (TDU), can occur periodically after the
end of each thermal pulse and mixes the products of the internal nucleosynthesis
to the surface. After the TDU the star contracts and reignites the hydrogen-
burning shell. A phase of stable hydrogen burning follows in which the mass of
the intershell region increases until the next thermal pulse occurs (Fig. 1.2). An
AGB star can experience a large number of thermal pulses until the strong wind
mass loss gradually removes the entire convective envelope and marks the end
of this evolutionary phase.
The cycle of thermal pulses and TDU episodes creates favourable conditions
for the production of carbon and neutron-capture elements in AGB stars. The
best evidence of ongoing nucleosynthesis are the widespread observations of
AGB stars that exhibit enhanced abundances of carbon and s-process elements.
In particular, many AGB stars are observed as carbon stars, which show carbon-
to-oxygen ratios greater than one by number at their surface, C/O > 1 (whereas
the normal condition is C/O < 1), and exhibit spectral lines of technetium, a
radioactive element of which the longest-lived isotope, 99Tc, has a mean life of
2 × 105 years, i.e. approximately one tenth of the duration of the AGB phase
(Merrill, 1952; Smith & Wallerstein, 1983; Wallerstein & Knapp, 1998).
In the s-process free neutrons are captured by seed nuclei (mainly 56Fe)
and form heavier elements. In the intershell region of an AGB star helium is
abundant and (α, n) reactions4 can efficiently produce large neutron densities.
In AGB stars below 3 M the main neutron source is the 13C(α, n)16O reaction
(Cameron, 1955). To efficiently produce neutrons this reaction requires a rela-
tively high density of 13C. To produce 13C in the intershell region it is necessary
that 12C, which is the main product of helium burning, captures a proton. The
intershell region is situated below the hydrogen-burning shell, which is the site
where protons are burned into helium, hence the density of protons in the in-
tershell region is expected to be zero. However, at the deepest extent of each
dredge-up, at the interface between the hydrogen-rich convective envelope and
the hydrogen-free intershell region, some extra mixing of protons forms a layer
4The notation X(α, n)Y indicates that an atom of the element X reacts with an α-particle, i.e. a
helium nucleus, and generates an atom of the element Y and a free neutron.
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Figure 1.2: Schematic evolution of an AGB star (adapted from Busso et al., 1999).
During the interpulse period the mass of the intershell region increases because
of hydrogen-burning in the above shell. When helium ignites, the thermal pulse
mixes the products of helium burning throughout the intershell region. After the
thermal pulse, the TDU penetrates below the now-extinguished hydrogen shell.
Protons from the envelope are ingested in the intershell region and a 13C pocket
forms, in which s-elements are produced in the subsequent interpulse period.
(very small in mass) where the density of protons is greater than zero. The pro-
tons from this layer are immediately captured by the 12C of the intershell region
to form a thin layer rich in 13C, the 13C pocket (Hollowell & Iben, 1988; Straniero
et al., 1995; Gallino et al., 1998; Goriely & Mowlavi, 2000a; Lugaro et al., 2003;
Cristallo et al., 2009; Karakas, 2010). During the following interpulse period the
13C(α, n)16O reaction is active in the 13C pocket and free neutrons are released,
that are available for the neutron-capture process. However, when protons are
mixed into the intershell region some amount of 14N is also produced by proton
captures on 13C nuclei; the 13C/14N ratio decreases with increasing number of
protons. In the region where 14N is more abundant than 13C, free neutrons are
captured by 14N in the 14N(n, p)14C reaction and therefore no s-process elements
are produced (Brehm et al., 1988; Koehler & O’brien, 1989; Gallino et al., 1998).
On the contrary, in the region where 13C is more abundant, the 56Fe-seed nuclei
react with the free neutrons and form s-process elements.
Three groups of s-elements are particularly abundant because they have
a number of neutrons that corresponds to very stable nuclear configurations.
These are the light-s elements, strontium, yttrium and zirconium (around atomic
11
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number 40), the heavy-s elements, barium, lanthanum and cerium (around
atomic number 56), and lead (atomic number 82), which is the heaviest element
that can be synthetised by the s-process. The distribution of s-elements produced
during AGB nucleosynthesis depends on the neutron exposure (i.e. the time-
integrated neutron flux) in the 13C pocket and on the density of seed nuclei. The
number of available neutrons per 56Fe-seed nucleus increases with increasing
neutron exposure; consequently, heavier s-elements are produced. A similar
effect occurs if the density of 56Fe seeds decreases. Consequently, because the
density of 56Fe seeds is proportional to the metallicity of the star, metal-poor
AGB stars are expected to produce s-elements distributions weighted towards
heavy-s elements and lead (Gallino et al., 1998). This hypothesis was confirmed
by observations of lead-rich metal-poor stars (Van Eck et al., 2003).
In massive AGB stars (M ≥ 3 M) the main neutron source is the reaction
22Ne(α, n)25Mg (Truran & Iben, 1977), which is activated at the high tempera-
tures reached inside the thermal pulses in such stars (above 3 × 108 K). In these
conditions the timescale for neutron-capture is much shorter than in low-mass
stars, because each thermal pulse lasts up to a few hundred years, and therefore
the neutron exposure is lower. Consequently, stars more massive than 3 M
produce relatively small amounts of s-elements (e.g., Lugaro et al., 2012) and
lighter s-process elements are favoured with respect to heavier s-process ele-
ments. Furthermore, in these stars the temperature at the base of the convective
envelope during the interpulse period becomes so high (more than 3 × 107 K)
that hydrogen-burning reactions take place. Consequently, a large fraction of the
carbon that has been dredged up in the envelope is converted to nitrogen. Busso
et al. (1999) and Herwig (2005) provide a detailed overview of the evolution and
nucleosynthesis of AGB stars.
At low metallicity the study of these processes is complicated by the fact
that metal-poor AGB stars are rare to observe. The halo stellar population is
approximately ten billion years old, hence any AGB stars in the halo is of low
mass (≈ 0.8 M), because more massive stars have already become white dwarfs.
At these low masses the AGB phase lasts a few million years, i.e. less than 0.1%
of the stellar lifetime. Consequently, AGB stars are very rare compared to stars
of the same mass in earlier stages of the evolution. However, if some of these
stars were formed in binary systems, a fraction of the envelope expelled by AGB
stars may have been accreted by the secondary companion stars. If these stars
were initially of low mass (M ≤ 0.8 M) we may still be able to observe them
12
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today and hence have an indirect picture of the nucleosynthesis that took place
in the AGB primary stars. With this idea in mind, in Chapter 3 we investigate the
chemical and dynamical properties of a sample of 15 observed CEMP-s binary
stars with measured orbital period. This analysis is extended to a larger sample
of CEMP-s stars without information about the orbital period in Chapter 4.
1.4 Binary evolution
While our knowledge of the AGB phase is relatively new, the history of the
study of binary stars in astronomy is at least as old as the invention of the
telescope. The first telescopic double star ever documented is Mizar (ζUMa), in
the year 1617, by the mathematician and astronomer Benedetto Castelli (Ondra,
1999). Since the first discovery many more binary stars have been observed in
a variety of configurations with different masses and orbital separations. Some
binaries are in very wide orbits, so wide that the evolution of the two stars is
independent and similar to that of isolated stars. For the purposes of this thesis,
it becomes more interesting when binary systems are in a close enough orbits
that mass exchange is possible between the two stars at some point during
their evolution. There are two processes by which stars can transfer mass in
binary systems: Roche-lobe overflow and wind accretion. The first process
takes place when one star expands beyond a critical volume, the Roche lobe.
This volume is defined by the equipotential surface in the Roche potential, which
is the combined gravitational and centrifugal potential of the binary system in
a corotating reference frame. The material that exceeds the Roche lobe is no
longer gravitationally bound to the star and can flow towards the companion
star. Whether or not this mass-transfer process is stable depends mainly on the
rates of change of stellar radius and Roche-lobe radius, and on the mass ratio
of the binary system. If the star that overfills its Roche lobe is more massive
than its companion, the Roche-lobe radius usually shrinks with decreasing mass
(Kopal, 1959); consequently, the Roche-lobe overflow mechanism is stable if the
stellar radius shrinks in response to mass loss at the same speed as the Roche-
lobe radius. In stable conditions Roche-lobe overflow can transfer material
very efficiently from the donor star to its companion. However, if the donor
star has a convective envelope it usually expands in response to mass loss
(unless the mass of the convective envelope is small compared to the core mass).
Hence, if the donor star has a convective envelope and is more massive than its
13
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companion, Roche-lobe overflow is usually unstable and results in a runaway
process (Paczyn´ski, 1965, 1976): when the star loses mass, the Roche-lobe radius
shrinks while the stellar radius expands and consequently even more material
exceeds the Roche lobe, until the envelope of the donor star surrounds the
whole binary system and forms a common envelope, which is subsequently
ejected without mass accretion on the two stars.
AGB stars have convective envelopes; hence, to form a CEMP star a scenario
is more likely in which the accretion of material from an AGB primary star
to its binary companion occurs by wind mass transfer. Two main aspects of
wind mass transfer are not well understood and difficult to constrain: first,
the efficiency of the process and more specifically the dependence of the ratio
between the mass-accretion rate and the mass-loss rate on the stellar masses
and the orbital separation; second, the amount of orbital angular momentum
that is carried away by the material expelled by the system, which is crucial to
determine the reaction of the orbit in response to mass loss.
The canonical description of the wind mass-transfer process was originally
formulated by Bondi, Hoyle and Lyttleton to calculate the accretion by a star
moving at constant speed through an uniform gas cloud (Hoyle & Lyttleton,
1939; Bondi & Hoyle, 1944) and was later applied to more complex problems
(Bondi, 1952), such as accretion from the wind of a binary companion. In this
description, the wind material feels the gravitational attraction of the star and it
is possible to define an impact radius such that the wind particles that approach
the star at a shorter distance than the impact radius are accreted, while the others
are not. The size of the impact radius depends on the mass of the accreting star
and on the relative velocity of the star and the wind. Boffin & Jorissen (1988)
provide an analytical formula of this process (Eq. 6), namely:
∆Macc2 = −
1√
1 − e2
[
G M2
v2w
]2 [ 1
1 + (vorb/vw )2
]1.5
αBHL
2a2
∆M1 , (1.2)
where ∆M1 and ∆M2 are the mass lost and accreted by the primary and sec-
ondary stars, respectively, e is the eccentricity of the orbit, vw is the wind velocity,
vorb is the orbital velocity, M2 is the mass of the secondary star, a is the orbital
separation, G is the gravitational constant and αBHL is a numerical constant be-
tween 1 and 2. One of the assumptions of the Bondi-Hoyle-Lyttleton model is
that the velocity of the wind material is much higher than the orbital velocity.
However, this is not always the case in binary systems (e.g., Theuns & Jorissen,
1993; Theuns et al., 1996). For example, AGB winds are slow, typically below
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15−20 km s−1 (Vassiliadis & Wood, 1993), which means that the wind velocity is
comparable with the typical orbital velocity of the systems in which they occur.
Hence, the Bondi-Hoyle-Lyttleton model may not accurately describe the wind
accretion process in this case.
Hydrodynamical simulations of wind mass transfer from an AGB donor star
calculate accretion rates that are very different from the predictions of the Bondi-
Hoyle-Lyttleton model (Theuns et al., 1996; Nagae et al., 2004; de Val-Borro et al.,
2009; Mohamed, 2010). In Chapter 2 this subject is discussed in more detail and
a new mode of wind accretion is investigated based on the results of these
hydrodynamical simulations. In this mode of mass transfer, called wind Roche-
lobe overflow, it is the slow and dense wind of the AGB star, rather than the
star itself, that overfills the Roche lobe and it is funnelled towards the binary
companion reaching high accretion efficiencies in some circumstances.
A closely related problem is to determine the variations in orbital angular
momentum caused by the mass-transfer process. In a simple picture, the wind
of the donor star is spherically symmetric and the equations to calculate the
loss of specific angular momentum (and the consequent variations of the orbit)
have an analytical solution. However, there are several indications that this
model may be inadequate to describe systems in which mass accretion takes
place from an AGB donor star. For example, observations of binary stars with
ongoing wind mass transfer show that the density of wind material is strongly
enhanced close to the orbital plane and in some cases a circumbinary disk
is formed (e.g., Karovska et al., 2005; Blind et al., 2011). Similarly, there is
increasing observational evidence that binary post-AGB stars are surrounded
by dusty disks formed from the material expelled by the AGB star (e.g., van
Winckel, 2003). Several studies based on hydrodynamical simulations find
results consistent with the observations. These simulations also show that some
fraction of the ejected material (which depends on the orbital separation of the
binary system) is lost by the system through the second Lagrangian point and
therefore carries away a much larger amount of angular momentum than in
the spherically symmetric wind model (Jahanara et al., 2005; Mohamed, 2010).
Finally, with a spherical-wind model binary systems typically widen in response
to mass loss. Consequently, a population of binary stars that have undergone
wind mass transfer is expected to exhibit an orbital-period distribution weighted
towards long periods. However, this prediction of the model is not borne out
by the observed periods of CEMP stars, as discussed in Chapters 4 and 5, nor by
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the orbital periods measured in post-AGB binary stars, which typically range
between a few hundred up to a few thousand days (van Winckel, 2003).
A correct estimate of the angular momentum lost by the binary systems
and of the efficiency of wind mass transfer is crucial for understanding the
formation of CEMP stars. Chapter 2 investigates the implications of different
wind mass-transfer models for a synthetic population of CEMP stars.
1.5 The metal-poor stellar population of the
Galactic halo
The properties of the observed CEMP population also depend on the initial con-
ditions under which the very metal-poor population was formed, in particular:
the fraction of stars that are in binary systems, the initial mass distributions of
the primary and the secondary stars, the distribution of initial orbital separa-
tions and the age of the population. For example, the initial mass function and
the age of the population determine the number and masses of stars that are vis-
ible today: massive stars evolve fast, hence have already become white dwarfs
which are too faint to be detected, whereas low-mass stars are long-lived and
may still be observed. Furthermore, the initial mass function has important con-
sequences for the fraction of CEMP stars among very metal-poor stars, because
it determines the number of stars that ascend the AGB (and produce carbon
and s-elements) relative to long-lived low-mass stars. For example, the initial
mass function inferred for the stellar population in the solar neighbourhood5 is
weighted towards low-mass stars below 0.8 M (e.g. Kroupa et al., 1993) which
cannot form CEMP stars because they have not had the time to evolve off the
main sequence. On the other hand, an initial mass function weighted towards
more massive stars increases the proportion of stars that evolve to the AGB phase
within the age of the halo. Besides the initial mass function of the primary stars,
the number of systems that undergo efficient wind mass transfer and produce a
CEMP star also depends on the distributions of the secondary-star masses and
of the orbital separations.
All these parameters are poorly constrained; most of the studies to date have
focused on the stars observed the solar neighbourhood, for which a number
5The solar neighborhood is the space associated with a cylinder of radius and height 1 kpc centred
at the Sun and with symmetry axis perpendicular to the Galactic disk.
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of authors have determined the initial mass function (Salpeter, 1955; Miller &
Scalo, 1979; Kroupa et al., 1993; Kroupa, 2001), the binary fraction (Duquennoy &
Mayor, 1991; Lada, 2006; Kouwenhoven et al., 2007; Raghavan et al., 2010; Sana
et al., 2012; Duchêne & Kraus, 2013), the period distributions of binary stars (e.g.
Duquennoy & Mayor, 1991; Kouwenhoven et al., 2007; Raghavan et al., 2010)
and the distribution of mass ratios (e.g. Shatsky & Tokovinin, 2002; Raghavan
et al., 2010). However, in recent years a number studies have analysed samples of
metal-poor stars to determine binary fraction and orbital period distribution for
the stellar population of the Galactic halo (Carney et al., 2001, 2005; Rastegaev,
2010; Gao et al., 2014). These studies have found relatively high binary fractions
among metal-poor stars (approximately around 50% and possibly higher for
[Fe/H] . −1) but the results are affected by rather large uncertainties. The
consequences of these uncertainties for a population of binary CEMP stars are
discussed in Chapter 5.
1.6 Overview of this thesis.
The aim of this thesis is to explain the origin of CEMP stars by investigating the
binary formation scenario. For this study we use the code binary_c/nucsyn,
which combines a model of binary evolution with a model of synthetic nucle-
osynthesis and allows us to take into account at the same time many different
astrophysical processes, such as stellar evolution and nucleosynthesis, internal
mixing, mass loss and mass transfer. We compare the results of our model with
the observed properties of CEMP stars, namely their chemical abundances, sur-
face gravities and orbital periods. We adopt two complementary approaches:
(1) an individual comparison between the observed CEMP stars and our models
and (2) a population synthesis analysis in which we investigate the properties
of the observed CEMP star population considered as a whole. The individual
comparison allows us to determine the most likely progenitor system of each ob-
served star and the detailed evolution that led to the formation of the CEMP star
that we presently observe. This kind of comparison constrains our AGB nucle-
osynthesis model in the sense that it needs to produce enhanced abundances of
certain elements and also to reproduce the observed element-to-element ratios.
Furthermore, it also provides constraints on the mass-transfer process for those
CEMP stars with known orbital periods. On the other hand, in the population
synthesis approach we simulate synthetic populations of binary stars and we
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study the characteristics of the fraction of stars which fulfil certain selection cri-
teria at some point during their evolution. This approach allows us to study the
properties of the population of CEMP stars as a whole: for example, the CEMP
fraction among very metal-poor stars, the period distribution and the abundance
distributions of different elements. This method allows us to test different wind
mass-transfer models and distributions of orbital parameters and to investigate
the consequences of these assumptions for the synthetic population of CEMP
stars.
This thesis is structured as follows:
In Chapter 2 we propose a model for the wind Roche-lobe overflow mechanism
of mass transfer and we investigate the implications of adopting this model for a
synthetic population of CEMP stars. We compare the results with the properties
of the observed CEMP population and with a synthetic population calculated
with the canonical Bondi-Hoyle-Lyttleton model of wind mass transfer.
In Chapter 3 we introduce an updated prescription for AGB nucleosynthesis
into our code based on the latest generation of detailed AGB models. We study
the chemical compositions of 15 observed CEMP-s stars with measured orbital
period selected from the literature and we determine the models that best repro-
duce, at the same time, the orbital period and the chemical abundances observed
in each of these stars.
In Chapter 4 we extend the analysis of Chapter 3 to a larger sample of 66
CEMP-s stars without measurements of the orbital period. For each star we find
the model that best fits the observed abundances. We analyse, for every element
separately, how accurately its abundances are reproduced in the observed sam-
ple to understand if statistically our model reproduces the observations.
In Chapter 5 we perform a new population synthesis study in which we test the
effect of adopting different assumptions about the initial distributions of masses
and separations and about the mechanism of wind mass transfer. We calculate
the fraction of CEMP stars and we compare it with the most recent observations
of the SDSS/SEGUE survey and we compare the computed abundance distribu-
tions with the sample of CEMP stars analysed in Chapter 4.
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Chapter 6 summarises the main lessons learned in this thesis and discusses
future prospects.
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Abstract
Carbon-enhanced metal-poor stars (CEMP) are observed as a substantial
fraction of the very metal-poor stars in the Galactic halo. Most CEMP stars
are also enriched in s-process elements and these are often found in binary
systems. This suggests that the carbon enrichment is due to mass transfer
in the past from an asymptotic giant branch (AGB) star on to a low-mass
companion. Models of binary population synthesis are not able to repro-
duce the observed fraction of CEMP stars without invoking non-standard
nucleosynthesis or a substantial change in the initial mass function. This
is interpreted as evidence of missing physical ingredients in the models.
Recent hydrodynamical simulations show that efficient wind mass transfer
is possible in the case of the slow and dense winds typical of AGB stars
through a mechanism called wind Roche-lobe overflow (WRLOF), which
lies in between the canonical Bondi-Hoyle-Lyttleton (BHL) accretion and
Roche-lobe overflow. WRLOF has an effect on the accretion efficiency of
mass transfer and on the angular momentum lost by the binary system. The
aim of this work is to understand the overall effect of WRLOF on the popula-
tion of CEMP stars. To simulate populations of low-metallicity binaries we
combined a synthetic nucleosynthesis model with a binary population syn-
thesis code. In this code we implemented the WRLOF mechanism. We used
the results of hydrodynamical simulations to model the effect of WRLOF
on the accretion efficiency and we took the effect on the angular momentum
loss into account by assuming a simple prescription. The combination of
these two effects widens the range of systems that become CEMP stars to-
wards longer initial orbital periods and lower mass secondary stars. As a
consequence the number of CEMP stars predicted by our model increases
by a factor 1.2 − 1.8 compared to earlier results that consider the BHL
prescription. Moreover, higher enrichments of carbon are produced and the
final orbital period distribution is shifted towards shorter periods.
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2.1 Introduction
The stellar population of the Galactic halo is characterised by low-mass stars
with poor metal content. These stars are among the oldest that we observe,
relics of the early stages of star formation in the Milky Way. The wide-field spec-
troscopic surveys HK (Beers et al., 1992) and HES (Christlieb et al., 2001), which
are devoted to studying this population, reveal a surprisingly high frequency
of carbon-enhanced metal-poor stars ([C/Fe] ≥ 1.0, CEMP1 stars hereinafter)
among the very metal-poor stars (VMP, here indicating [Fe/H] . −2.0). The ob-
served CEMP to VMP ratio is approximately 20% (for example: 25% Marsteller
et al., 2005; 9 ± 2% Frebel et al., 2006; 21 ± 2% Lucatello et al., 2006), with the
fraction of CEMP stars rapidly increasing for decreasing iron content and for
increasing distance from the Galactic plane (Carollo et al., 2012).
CEMP stars are classified into different groups according to the presence of
the heavy elements barium and europium, which are produced by slow and
rapid neutron-capture processes (s-process and r-process), respectively. The
largest group of CEMP stars are the s-process rich CEMP-s stars, which display
barium enhancements of [Ba/Fe]> 0.5 and account for at least 80% of all CEMP
stars (Aoki et al., 2007). Among these stars, some show enhancements of both
r- and s-elements. A single case of a CEMP star highly enhanced only in r-
process elements is also documented (Sneden et al., 2003a). Finally, one group
of stars does not exhibit peculiar abundances of neutron-capture elements (e.g.
Aoki et al., 2002c). Beers & Christlieb (2005) and Masseron et al. (2010) provide
detailed reviews of the CEMP subgroups.
Several hypotheses have been put forward to explain the overabundances
observed in CEMP stars: (a) the level of carbon is primordial, or close to primor-
dial, and was produced in the first generation of stars (e.g. Mackey et al., 2003,
and Cooke et al., 2011); (b) low-mass stars of extremely low metallicity might
have undergone exotic mixing episodes that dredged up internally produced
carbon to the surface (Fujimoto et al., 2000); (c) a binary scenario in which in
the past carbon-rich material from a thermally-pulsing asymptotic giant branch
(TPAGB) primary star polluted the low-mass main-sequence secondary star. To-
day we only observe the secondary. The primary has become an unseen white
dwarf. The binary scenario is currently considered the most likely formation
1given two elements X and Y, their abundance ratio is [X/Y]= log10(NX/NY) − log10(NX/NY),
where NX,Y refers to the number density of the elements X and Y and  denotes the abundance in
the Sun.
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mechanism for CEMP-s stars: in fact, the analysis performed by Lucatello et al.
(2005c) on a sample of these objects demonstrates that the fraction of CEMP-s
stars with detected radial-velocity variations is consistent with the hypothesis of
all being members of binary systems. The same binary mass transfer scenario is
invoked to explain the properties of Ba and CH stars (McClure & Woodsworth,
1990).
A quantitative understanding of the origin of CEMP stars involves many
branches of stellar astrophysics, some of which are still not well understood.
The main uncertainties are related to (i) stellar evolution, particularly the nucle-
osynthesis during the AGB phase and internal mixing and diffusion processes
in both stars of the binary system, (ii) the mass transfer process, (iii) the binary
fraction of low-mass stars in the Halo and the distribution of orbital parameters,
(iv) the initial mass function (IMF) at low metallicity.
Several studies have considered population models in an attempt to repro-
duce the observed CEMP fraction of 9–25%. Lucatello et al. (2005a) and Komiya
et al. (2007) come to the conclusion that an IMF biased toward intermediate-
mass stars is required to reproduce the fraction of CEMP/VMP stars measured
in the Halo. However, large changes in the IMF are inconsistent with the small
fraction of nitrogen-enhanced metal-poor stars observed in the Halo (Pols et al.,
2012). With a different approach, Izzard et al. (2009, I09 hereinafter) choose
the solar neighbourhood IMF proposed by Kroupa et al. (1993, KTG93) in their
population synthesis model and investigate the properties of metal-poor stars.
I09 try to reproduce the observed fraction of CEMP/VMP2 stars by only vary-
ing uncertain physical parameters related to nucleosynthesis, mass transfer and
mixing processes. For standard values of these physical parameters I09 find a
CEMP/VMP fraction lower than the observed one by almost a factor 10. With a
set of parameters that reduces the minimum core mass required for third dredge
up and allows efficient third dredge up in stars of mass down to 0.8 M I09 find
a CEMP/VMP fraction of approximately 9%, approaching the range of the ob-
servations. However, the observed distributions of carbon, nitrogen and heavy
elements in CEMP stars are not well reproduced by the model. This suggests
that the above mentioned uncertainties need to be further investigated. In this
paper we study the mass transfer process in some detail.
Recently, different indications have emerged suggesting that the efficiency of
wind mass transfer in binary systems has so far been underestimated, at least in
2In I09 stars with [Fe/H] . −2 are called EMP stars.
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the case of slow and dense winds characteristic of AGB stars. Wind mass transfer
plays an important role in the binary scenario for the formation of CEMP stars,
and, more generally, is involved in several problems of astrophysical interest,
e.g. the formation of CH and barium stars, the shaping of planetary nebulae,
symbiotic stars, novae and the evolutionary path leading to the progenitors of
Type Ia supernovae. Therefore in this paper we push forward the analysis of
I09 with a more accurate description of the wind mass transfer process and we
investigate the effects of wind mass transfer on a population of binary stars,
focusing in particular on CEMP stars.
In Sect. 2.2 we briefly describe the context of wind mass transfer. In Sect. 2.3
we discuss the main parameters of our binary population synthesis model and
how wind mass transfer is implemented in our model. In Sect. 2.4 and 2.5 the
results of our analysis are shown and discussed while Sect. 2.6 concludes.
2.2 Wind mass transfer
In the binary scenario, the primary star produces carbon and s-elements during
the late stages of its evolution, when it undergoes thermal pulses. Dredge-up
episodes bring these elements to the surface of the star, where they may be
lost in a wind or by Roche-lobe overflow, polluting the main-sequence compan-
ion. The material accreted by the secondary star might in turn be diluted and
burnt. When the donor is an AGB star, Roche-lobe overflow is typically unstable
(Paczyn´ski, 1965) and will lead the binary system to a common envelope phase,
with negligible accretion to the secondary (see Ricker & Taam, 2008 for more
details on accretion in a common envelope). Therefore the wind mass transfer
scenario plays a crucial role in CEMP formation.
2.2.1 Limitations of the standard scenario
The canonical description by Bondi & Hoyle (1944) of the wind mass transfer
mechanism is appropriate under the assumption that the wind velocity is much
higher than the orbital velocity of the accreting star. This condition is not always
fulfilled by AGB winds. In binary stars of periods around 104 days the orbital
velocity is about 10 km s−1, whereas outflows from AGB stars are observed with
wind velocities in the range 5− 30 km s−1. The mechanism that drives the wind
is not fully understood. It is thought that in the outer atmosphere of the AGB
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star, where the temperature is low enough, dust grains form and are accelerated
by radiation pressure, dragging the surrounding gas along due to collisional
momentum transfer (Höfner, 2009; Bladh & Höfner, 2012). Therefore the ratio
between the orbital velocity and the wind velocity, which in turn determines the
applicability of the Bondi-Hoyle-Lyttleton (BHL) prescription, depends on the
separation and the mass of the two stars during the phase of mass transfer and
on the chemical composition of the grains.
2.2.2 The Wind Roche-lobe overflow mechanism
In the past few years the possible existence of a relatively efficient mode of
wind mass accretion in a binary system has emerged both from observations
and hydrodynamical simulations. Mira AB (Karovska et al., 2005) and SS Lep-
oris (Blind et al., 2011) are two examples of detached binary systems that are
undergoing very efficient mass transfer (about the efficiency of mass transfer
in Mira AB there is some debate, see e.g. Sokoloski & Bildsten, 2010) although
the AGB donor star is unambiguously filling only a fraction of its Roche lobe
(approximately 10% in the case of Mira, 80% for SS Lep). Moreover, recent
hydrodynamical simulations suggest a new mode of mass transfer that lies
somewhere in between Roche-lobe overflow and wind mass transfer. In this
mode, called “wind Roche-lobe overflow” (Mohamed & Podsiadlowski, 2007,
hereinafter WRLOF) or “gravitational focusing” (de Val-Borro et al., 2009), the
wind of the primary star is focused towards the orbital plane and in particular
towards the secondary star. This has two major effects on the evolution of a
binary system. The first effect is that the accretion rate predicted in the WRLOF
regime is significantly higher than the BHL predictions. The second effect is
that most of the material that is not accreted is lost from the vicinity of the outer
Lagrangian points L2 and L3, with consequences for the angular momentum lost
by the binary system that we further discuss in Sect. 2.3.3.4.
WRLOF can occur in systems where the wind is gravitationally confined to
the Roche lobe of the primary star (the donor) and then falls into the potential
well of the secondary through the inner Lagrangian point L1 (Mohamed &
Podsiadlowski, 2007). A good indicator of the conditions for the occurrence of
WRLOF is the ratio Rd/RL,1, where:
• RL,1 is the Roche-lobe radius of the primary star. For a given mass ratio
this quantity is proportional to the binary separation (Kopal, 1959).
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Figure 2.1: Schematic picture of the WRLOF mechanism: Rd, the wind accelera-
tion radius, lies close to RL,1, the Roche-lobe radius. Inside the wind acceleration
zone (shaded area) the wind is slow and can be efficiently accreted to the sec-
ondary through the first lagrangian point L1 (sizes are not in scale).
• Rd is the radius of the wind acceleration zone, namely the region where
the wind is accelerated beyond the escape velocity.
WRLOF can occur in systems where the wind acceleration radius is larger
than, or is a significant fraction of, the Roche-lobe radius of the wind-losing
star. This condition is schematically represented in Fig. 2.1, where the wind
acceleration zone is represented as a shaded area around the star of radius R∗.
In AGB stars we assume the acceleration of the wind is driven by radiation
pressure on dust grains and therefore Rd coincides with the dust formation
radius. In this case Rd scales with the stellar radius, and it also depends on the
effective temperature of the AGB star, Teff , and on the chemical composition of
the dust. Höfner (2007) suggests the following approximate relation:
Rd =
1
2
R∗
( Teff
Tcond
)2.5
(2.1)
Tcond is the condensation temperature of the dust, a parameter that depends on
the chemical composition of the compound, for example: Tcond = 1500 K for
carbon-rich dust (C/O> 1) and Tcond = 1000 K for oxygen-rich dust (C/O< 1).
During most of the AGB phase the dust formation radius is linearly proportional
to the stellar radius and for carbon-rich dust Rd/R∗ ≈ 3.
Mohamed (2010) uses a smoothed-particle hydrodynamics (SPH) code to
simulate wind mass transfer in Mira-like circular binary systems with a 1M
26
2.2 Wind mass transfer
primary in the AGB phase and a 0.6 M secondary with separations between
5 and 60 AU. A similar approach is used by de Val-Borro et al. (2009) but with
M1 = 1.2 M, M2 = 0.6 M and a varying up to 70 AU. The evolution of each
binary is followed in detail at least until the wind material has expanded to twice
the size of the primary’s Roche-lobe radius, and typically for an amount of time
equal to many orbital periods. This amount of time is considered long enough
to study the development of wind anisotropies, spiral shocks, equatorial flows,
and to follow the fate of the lost material, distinguishing the fraction of mass
that is accreted from the fraction that is lost or remains bound to the system but
is not accreted.
The wind is modelled by inserting particles in shells at the surface of the star,
where the time interval between successive injections is regulated to produce
a continuous outflow of material and to minimise discontinuities between the
shells. Different types of wind are modelled: the one that best reproduces the
properties of an AGB star like Mira considers a wind outflow with initial speed of
5.5 km s−1 at the stellar surface, and includes radial pulsations implemented us-
ing a piston approximation (e.g. Freytag & Höfner, 2008) and radiation pressure
on dust grains. In every model the evolution in time of the positions and fluid
properties is followed, predicting among other parameters the dust-formation
radius, the ratios of the density, velocity, wind anisotropy at the equator relative
to the poles, and the accretion efficiency.
Several parameters are likely to influence the mass transfer mechanism in
Mira-type binaries, first of all the mass-loss rate, which is determined by the
luminosity, temperature and pulsation period of the wind-losing star, although
it is chosen to be approximately 10−6 M yr−1 in the simulations. The model
for the formation of the dust grains and the C/O ratio affects the velocity of the
winds and therefore the intensity of WRLOF features. Moreover, stellar rotation
and magnetic fields are likely to play an important role in shaping the outflow.
In Table 2.1 we list orbital periods, Rd/RL,1 ratios and accretion efficiencies
βacc, defined as the ratio between the mass accreted by the secondary star and
the mass lost by donor star per unit of time. These values are the result of
the simulations of Mohamed (2010) with the model of the AGB wind described
earlier in this Section in which the evolution of every binary system is followed
for at least one orbital period. Tests performed by Mohamed (2010) with dif-
ferent assumptions about the wind driving mechanism give an estimate of the
uncertainty in βacc which is within 50% of each value (e.g. for P = 1.34 × 105
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Table 2.1: Initial period P, ratio between the dust formation radius and the Roche-
lobe radius, Rd/RL,1, and accretion efficiency βacc for binary systems with a 1.0 M
AGB primary and a 0.6 M main-sequence companion (from Mohamed, 2010).
Because RL,1 ∝ a (and Rd does not depend on a), high values of the Rd/RL,1 ratio
correspond to close systems and low values correspond to wide systems.
P/days Rd/RL,1 βacc
1.34 × 105 0.40 0.10
5.98 × 104 0.67 0.24
2.58 × 104 1.18 0.45
9.12 × 103 2.4 0.35
3.21 × 103 2.8 0.10
days βacc = 0.10 ± 0.05).
The data in Table 2.1 are shown as plus signs in Fig. 2.2 together with a
proposed model (solid line) which is further discussed in Sect. 2.3.3. High
Rd/RL,1 values correspond to close systems whereas low values correspond to
wide systems because Rd/RL,1 ∝ R∗/a. From wide to close systems (i.e. from left
to right in Fig. 2.2) the accretion efficiency βacc initially increases, then reaches a
maximum and finally decreases again with Rd/RL,1. This behaviour is explained
as follows: for a given M1 and M2, in wide systems the wind acceleration zone
is smaller than the Roche lobe, therefore the wind is fast and only a small frac-
tion of it is accreted, as also predicted by the BHL prescription. Moving to
smaller separations (i.e. greater Rd/RL,1) the dust formation radius becomes
a progressively more significant fraction of the Roche-lobe radius, the wind is
increasingly confined in the primary’s Roche lobe and therefore the accretion
efficiency grows. With smaller a the accretion efficiency decreases because in
close systems a large fraction of the wind escapes through L2 and L3 and is not
accreted to the secondary star. We refer to Mohamed & Podsiadlowski (2007)
and to Mohamed (2010) for further details about the WRLOF mechanism. For
the purposes of our work we apply the results of the above-mentioned hydro-
dynamical simulations to our binary population synthesis code, as described
later in Sect. 2.3.3, and we evaluate how this mode of mass transfer affects the
predictions for CEMP stars in a population of binary systems.
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2.3 Models
In order to perform this study we make use of the binary population synthesis
code described by Izzard et al. (2004, 2006, 2009). Our model follows binary
evolution according to the rapid binary stellar evolution prescription of Hur-
ley et al. (2002a) and the algorithms for AGB evolution and nucleosynthesis of
Izzard et al. (2004, 2006). For a complete discussion of our model, its charac-
teristics, parameters and uncertainties we refer to I09. In this section we briefly
summarise the most important characteristics of our model (Sect. 2.3.1), the
updates that we introduce compared to the work by I09 (Sect. 2.3.2) and the
way we implement WRLOF (Sect. 2.3.3).
2.3.1 Population synthesis
Our population synthesis simulations are based on a grid of N3 binary evolution
models distributed uniformly in ln M1 − ln M2 − ln a parameter space, where
M1 and M2 are the initial masses of the primary and of the secondary star
respectively, a is the initial separation of the system and we take N = 128. The
initial metallicity of our model sets is Z = 10−4, or equivalently [Fe/H]= −2.3.
We consider circular orbits, therefore the eccentricity, e, is always zero.
We count the stars of a particular type, for example CEMP stars, according
to the sum
ntype = S
M1,max∑
M1,min
M2,max∑
M2,min
amax∑
amin
tmax∑
tmin
δtype ΨM1,M2,a δM1 δM2 δa δt , (2.2)
where, as in the paper by I09:
• the size of a cell in the parameter space is δM1 · δM2 · δa; the timestep is δt.
• S is the star formation rate which is assumed to be constant;
• δtype is equal to 1 when the star is of the required type and is zero other-
wise. Stars are selected from our model population according to their age,
surface gravity and surface abundances, as follows: VMP stars are older
than 10 Gyr and with surface gravity log10(g/cm s
−2) ≤ 4.0 ; CEMP stars
are VMP stars characterised by a surface abundance of carbon [C/Fe]≥ 1.0 ;
CEMP-s stars are CEMP stars also enriched in barium, [Ba/Fe]≥ 0.5.
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• M1 and M2 vary respectively in the ranges [0.7, 8.0] M and [0.1, 0.9] M.
Initially M2 ≤M1 by definition.
• a varies between 3 and 105 R. To be able to compare our work with the
results of I09 we assume that all stars are formed in binary systems with
this range of separations. In reality some VMP stars are single or in wider
orbits and we can take these stars into account by reducing the binary
fraction.
• t varies in the range [10, 13.7] Gyr, the approximate ages of the Halo and
the Universe.
• Ψ is the inital distribution of M1, M2, and a. We assume that Ψ is separable,
Ψ = Ψ(M1,M2, a) = ψ(M1) φ(M2) χ(a) , (2.3)
where the primary mass distribution ψ(M1) is the intial mass function by
KTG93, the secondary mass distribution φ(M2) is flat in q = M2/M1 (any
mass ratio 0 < q ≤ 1 is equally likely), the separation distribution χ(a) is
flat in ln a (i.e. χ(a) ∝ 1/a).
Our model sets assume efficient thermohaline mixing: the accreted material
mixes instantaneously with the stellar envelope. This approximation is reason-
able in many cases, as suggested by the calculations of Stancliffe et al. (2007),
even though more recent studies (e.g. Stancliffe & Glebbeek, 2008) show that the
situation is more complicated and other processes such as gravitational settling
in some cases reduce the effect of thermohaline mixing.
2.3.2 Parameter choices and updates
The nucleosynthesis algorithm which follows the evolution of the star through
the first, second and third dredge ups, modifying the surface abundances as
required, is mostly based on the work by Karakas et al. (2002) and Karakas
& Lattanzio (2007). A prescription for hot-bottom burning is also included.
Abundances are scaled according to the solar values by Anders & Grevesse
(1989). Wind mass-loss rates are parameterised according to the Reimers (1975)
formula multiplied by a factor η = 0.5 on the first giant branch and Vassiliadis
& Wood (1993) on the AGB. The 13C pocket efficiency ξ13, as defined by Izzard
et al. (2006), is set to 1 by default. The common envelope evolution is treated
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according to the prescription of Hurley et al. (2002a) with αCE = 1, and we do
not include accretion during the common envelope phase. Our default model
set A uses the same input physics as the model set A described in Sect. 2.1.5 and
4.1 of the paper by I09. We list here the updates we introduce.
• Wind velocity. To calculate the mass accretion rate, I09 assume the wind
velocity is a fraction of the escape velocity from the mass-losing star. How-
ever, the escape velocity decreases as the radius of the star and its mass-loss
rate increase, whereas the wind velocities observed in TPAGB stars show
an opposite trend. Therefore to calculate the mass accretion rate when the
primary is a TPAGB star we take the wind velocity defined in Eq. (3) of the
article by Vassiliadis & Wood (1993), which was derived by interpolating
the observations. We choose a minimum value of vw = 5 km s−1, which is
consistent with the observations (e.g. Knapp & Morris 1985). As Vassil-
iadis & Wood (1993) we introduce a maximum value of vw = 15 km s−1.
• Angular momentum loss. The algorithm used by I09 to calculate the change
to the orbital angular momentum is based on Eq. (21) of the article by
Hurley et al. (2002a). This equation only applies if the mass lost by the
wind is much greater than the mass accreted by the secondary star. In
most of our model sets we calculate the change to the orbital angular
momentum assuming a spherically symmetric wind,
J˙ =
[(
M˙1W − M˙2A
)
M22 +
(
M˙2W − M˙1A
)
M21
] a2Ωorb
(M1 + M2)2
, (2.4)
where Ωorb = 2pi/P is the orbital angular frequency and M˙iW and M˙iA are,
respectively, the wind mass-loss rate and accretion rate of star i. When the
accretion efficiency is low, as in the BHL prescription, Eq. (21) of Hurley
et al. (2002a) approaches Eq. (2.4). Therefore we do not expect the CEMP
to VMP ratio to change significantly after this modification of the model.
In fact, the fraction of CEMP to VMP stars that we compute with the two
equations is the same: 2.30% and 2.31% (using respectively Eq. (21) of
Hurley et al., 2002a, and Eq. (2.4), see Table 2.2). The model sets A′ − Cq
and G − Jq in Table 2.2 include Eq. (2.4) and we will refer to these as
ssw–model sets.
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Figure 2.2: Models of the wind accretion efficiency βacc for different values of q
calculated with Eq. (2.9). The solid line is for q = 0.6, the mass ratio used by
Mohamed (2010). The dot-dashed and dotted lines show the resulting efficiency
for q = 0.1 and q = 1, respectively. Plus signs are the results of hydrodynamical
simulations by Mohamed (2010) listed in Table 2.1.
2.3.3 A proposed model for Wind Roche-lobe Overflow
In the WRLOF mode of mass transfer the wind material is ejected in a highly
aspherical geometry. This has two major effects, on the accretion efficiency of
the mass transfer and on the angular momentum lost by the binary systems. We
discuss our prescription to consider these two effects in Sect. 2.3.3.1 and Sect.
2.3.3.4 respectively.
2.3.3.1 The WRLOF accretion efficiency
To use the results of the hydrodynamical simulations in our model, we fitted the
data of Table 2.1 with a parabolic function,
βacc = c1 x2 + c2 x + c3 , (2.5)
where x = Rd/RL,1, c1 = −0.284 (±0.018), c2 = 0.918 (±0.057) and c3 = −0.234 (±0.034).
The errors result from the non-linear least-squares algorithm used for the fit and
do not convey the uncertainty associated to the simulations. Since in none of
the models calculated by Mohamed (2010) the accretion efficiency is higher than
50% we impose a maximum value βacc,max = 0.5 on βacc. The result of the best fit
is shown in Fig. 2.2 as a solid line.
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Since Eq. (2.5) can assume zero or negative values in the range of possi-
ble values of Rd/RL,1, we always choose the maximum accretion rate between
WRLOF and BHL. This implies that for large separations, i.e. Rd/RL,1 smaller
than about 0.4, we calculate the accretion rate with the formulation of the BHL
prescription given by Boffin & Jorissen (1988),
βBHL =
α
2
√
1 − e2
·
(
GM2
a v2w
)2 [
1 +
(vorb
vw
)2]− 32
, (2.6)
where α = 1.5 is a constant, vorb is the relative orbital velocity, G is the gravi-
tational constant and the other quantities have the meaning already described.
This is consistent with Mohamed (2010), in which at large separations the same
accretion rates are obtained as BHL.
2.3.3.2 An example of accretion efficiency in the WRLOF regime
To illustrate the effects of WRLOF on the wind mass transfer process we compute
the accretion efficiency in binary systems with different initial periods and fixed
initial masses, M1 = 1.0 M and M2 = 0.6 M as in the simulations of Mohamed
(2010). In Fig. 2.3 we plot the accretion efficiency calculated with the BHL (solid
line) and the WRLOF (dotted line) models as a function of the initial period. The
maximum accretion efficiency in the case of WRLOF is almost 50% and this high
mass transfer efficiency is possible over a wide range of periods. A 1 M star
loses approximately 0.2 M during the AGB phase, therefore its companion can
reach 0.7 M, close to the minimum mass for a metal-poor star to evolve off the
main sequence in a Hubble time. The maximum accretion efficiency reached in
the BHL model is roughly 15% for periods around 1800 days, which means the
companion accretes at most 0.03 M and typically much less.
2.3.3.3 Mass-ratio dependence of the WRLOF efficiency
Eq. (2.5) implicitly assumes that the accretion efficiency βacc is independent of
the mass ratio q = M2/M1. No conclusion can be drawn about any dependence
on q based on the results of Mohamed (2010) which are calculated for a fixed
mass ratio q = 0.6. Therefore, additional assumptions are required to introduce
a relation between βacc and q. In Eq. (2.6) the dependence on q for a fixed M1
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Figure 2.3: Efficiency of wind mass transfer βacc as a function of the initial period
for a binary system with M1 = 1.0 M and M2 = 0.6 M calculated with BHL
(solid line) and WRLOF (dotted line).
can be expressed as,
βBHL =
α
2
√
1 − e2
· q2
(
GM1
a v2w
)2 1 + (1 + q)
GM1
a v2w︸        ︷︷        ︸
T

− 32
. (2.7)
Hence the accretion efficiency βBHL scales with a factor q2 and there is an ad-
ditional dependence related to the term T in the square brackets. If term T
dominates, i.e. for small separations when vorb > vw, Eq. (2.7) becomes:
βBHL ≈ α
2
√
1 − e2
· q
2
(1 + q)3/2
·
(
GM1
a v2w
)1/2
. (2.8)
Vice versa when T is not important, e.g. for large separations, then βBHL scales
simply as the mass ratio squared, q2. For simplicity we choose to consider
only the latter dependence in the model of WRLOF, keeping in mind that large
separations correspond to small orbital velocities and therefore to the case when
vorb . vw, the assumption under which the BHL prescription is appropriate.
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Assuming this dependence on q of the mass-accretion efficiency in the
WRLOF we introduce the following expression:
βacc = min
{25
9
q2
[
c1 x2 + c2 x + c3
]
, βacc,max
}
(2.9)
where x, c1, c2, c3, βacc,max are as in Eq. (2.5) and the factor 25/9 arises because Eq.
(2.9) should coincide with Eq. (2.5) for q = 0.6. In Fig. 2.2 we show our models
for different values of q.
We point out that the term T is not negligible in general. Therefore we expect
the real dependence of βacc on the mass ratio to be weaker than q2. We consider
Eqs. (2.5) and (2.9) to bracket the dependence on q of the accretion efficiency.
The calculations of Mohamed (2010) are for AGB primaries with oxygen-rich
winds and dust, i.e. C/O < 1. Therefore the value of the parameters c1, c2 and c3
of the fit could be different in the case of carbon-rich winds (C/O > 1), which is
the relevant situation for CEMP stars. However, at the moment we cannot take
this into account because there are no hydrodynamical simulations of binary
systems with a carbon-rich primary star.
2.3.3.4 Angular momentum loss in the WRLOF regime
The hydrodynamical simulations performed by Mohamed (2010) show that the
density of the matter lost in the wind is strongly enhanced towards the orbital
plane. This enhancement is clear also in wider systems where the accretion
efficiency is consistent with the BHL predictions. Because the geometry of the
wind is not spherically symmetric, a prescription alternative to Eq. (2.4) is
required to calculate the amount of angular momentum carried away by the
wind.
Let us assume that the material lost from the binary system carries away a
multiple γ of the average specific orbital angular momentum,
J˙ = γ × Jorb
M1 + M2
(
M˙1 + M˙2
)
. (2.10)
If the matter is lost from the vicinity of L2 and L3 one expects efficient loss of
angular momentum with γ > 1. However, the exact amount of angular momen-
tum lost in a WRLOF situation is not well constrained by the hydrodynamical
models of Mohamed (2010). Jahanara et al. (2005) have studied angular mo-
mentum loss associated with wind mass transfer, also using hydrodynamical
simulations but with different assumptions regarding the wind mechanism. In
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the case of a ‘radiative wind’ – which corresponds best to the case of an AGB
wind – with a velocity much lower than the orbital velocity, they find that mat-
ter leaving the binary system has an average specific angular momentum of
approximately 0.6 × a2Ωorb. This corresponds to a value γ ≈ 2.4–3.2 for mass
ratios in the range 1/3–3. In their study of the formation mechanism of barium
stars Izzard et al. (2010) use Eq. (2.10) with γ = 2 to reproduce the periods and
eccentricities of the barium stars. We use the same prescription in some of our
models, i.e. in model sets D − Eq, I, K, Kq in Table 2.2 and we will refer to these
as γ2−model sets. In these models we apply efficient angular momentum loss
with γ = 2 to all binary systems because the geometry of the wind is modified
also in systems that are not in the regime of enhanced accretion.
We note that angular momentum loss from a spherically symmetric wind
from the primary star, Eq. (2.4) with M˙2W = 0, can be written in the form of
Eq. (2.10) with γ = M2/M1. Compared to this ssw situation, our γ2 models
with γ = 2 correspond to a mode in which the binary system loses more orbital
angular momentum and therefore shrinks more.
2.4 Results
We start our analysis with model set A which has the same input physics as the
default model A in the article by I09 and predicts the same CEMP to VMP ratio
of 2.30%. We successively modify model set A with the changes mentioned in
Sect. 2.3.2 and 2.3.3 and we study the effect of each of these updates on the
overall population of CEMP stars. In Table 2.2 our different model sets are listed
with the corresponding CEMP to VMP ratio.
2.4.1 Model set B: wind velocity
The wind-velocity relation of Vassiliadis & Wood (1993) implies that vw increases
with time, reaches a maximum of 15 km s−1 in the regime of superwind and then
remains constant until the end of the AGB phase. On the other hand, in model
set A the wind velocity is directly proportional to the escape velocity, vesc, which
decreases in time. Even though the dependence of the wind accretion efficiency
on vw is strong (see Eq. 2.6), in the regime of strong mass loss the actual difference
between the two calculated values of vw is small, within a factor 2. Therefore
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we find that in model set B the CEMP to VMP ratio is only slightly reduced to
2.22%.
2.4.2 Model set D: efficient angular momentum loss
The hydrodynamical simulations of Mohamed (2010) show that the geometry
of the wind ejected by the primary star is modified by the gravitational field
of the companion in a wide range of systems, including those that are not in
the regime of enhanced accretion efficiency. It is therefore instructive to study
the effect of efficient angular momentum loss on a population of CEMP stars
independently. In model set D the variations in the orbital angular momentum
are computed using γ = 2 in Eq. (2.10), while the accretion rate is computed
with the BHL prescription Eq. (2.6). Model set D predicts a CEMP to VMP ratio
of 3.12% and compared to model sets A and A′ produces notable differences in
the distribution of initial and final period of the CEMP population. The initial
period range of systems that lead to a CEMP star is broadened and shifted
towards wider separations (see Fig. 2.4, top panel). Systems shrink more due to
wind mass loss and therefore wide binaries become close enough to efficiently
transfer material. On the other hand, initially close binaries tend to undergo
a common envelope phase, in some cases merge, and do not become CEMP
stars. Analogously the final period distribution is shifted towards relatively
close systems and the distribution peaks at a period more than one order of
magnitude shorter than in set A, as shown in the bottom panel of Fig. 2.4.
A direct comparison of our population with a measured period distribution
is not possible: the number of CEMP stars with known period is low, despite
the fact that many of them are known to be binaries, because long periods
are difficult to measure. Since the average time for which surveys have been
ongoing is about ten years, this is approximately the maximum period that we
can presently measure. In the observational SAGA database only six CEMP
stars have a measured period (see Table 4 in the article by I09), and they are
displayed in Fig. 2.4 as plus signs (two systems have almost the same period,
1.26 × 103 and 1.29 × 103 respectively, and therefore are indistinguishable in the
plot). The two shortest-period CEMP binaries are not reproduced by any of our
models. The characteristics of the distributions of other parameters, e.g. M1,
M2, [C/Fe], are not significantly different from model set A.
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Figure 2.4: Initial (top panel) and final (bottom panel) period distributions of the
CEMP population. In model set D (dotted line) angular momentum losses are
computed with Eq. (2.10) and γ = 2. Solid line is the standard model set A. Plus
signs are the periods of observed stars. The bins are equally spaced and the width
in log10(P/days) of each bin is 0.1 (top panel) and 0.2 (bottom panel). In this and
in the plots that follow the y-axis indicates the expected number of CEMP stars
in each bin and the plots are normalised such that the area under the graph is the
same for each model and model A peaks at 1.
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2.4.3 Model sets with WRLOF accretion efficiency
In this section we present the results that we obtain after adopting our model
of accretion efficiency in the WRLOF mode of mass transfer. If we consider a
spherically symmetric wind from the donor star, the CEMP to VMP ratio is 2.63%
when the WRLOF accretion efficiency is proportional to q2 (model set Cq), and
2.90% in the case of q-independent WRLOF (model set C). The corresponding
γ2−model sets, dubbed Eq and E, predict a CEMP to VMP ratio of 3.85% and
4.06%, respectively.
2.4.3.1 Model sets C and Cq: CEMP initial parameter space
The distribution of initial M1 is essentially the same as the corresponding dis-
tribution shown in Fig. 4a of I09: it tells us that the majority of CEMP stars are
formed by wind accretion from a primary of 1.2 − 1.5 M. Below this limit the
primary does not undergo third dredge up, and therefore no carbon is brought
to the surface and transferred to the companion. The highest production of
carbon during the TPAGB phase occurs in the mass-range 2 − 2.5 M, but these
stars are much less numerous, according to the IMF of KTG93.
Most notable is the distribution of initial secondary mass shown in Fig. 2.5a:
each of the three model sets peak at 0.8 M but C and Cq show a considerable
fraction of CEMP stars that come from systems with very low M2 (dotted and
dot-dashed line respectively). This low-mass tail is absent if we consider the
BHL mode of accretion (model set A, solid line), because with the WRLOF
prescription the secondary can accrete mass more efficiently. For example a
1.5 M primary expels around 0.8 M of carbon-rich material during its TPAGB
phase: hence, accreting 50% of the lost matter even a star of about 0.4 M
increases in mass sufficiently to evolve to log10(g/cm s
−2) ≤ 4.0 when t > 10 Gyr
and be selected as CEMP star. If we observe today such a CEMP star, a large
amount of mass we see is from the AGB primary and not the original low-mass
companion. The difference in shape between model sets C and Cq results from
the mass-ratio dependence of model set Cq. In this set, for a given primary mass
a low-mass secondary star accretes a smaller amount of material than a more
massive secondary star. Therefore the low-mass tail of model set Cq does not
extend to less than 0.42 M, whereas in set C it extends down to 0.15 M.
Examining the distributions of initial periods in Fig. 2.5b, the effect of WRLOF
is to increase the number of wide systems that lead to CEMP star formation.
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WRLOF accretion is efficient in a wider range of separation than BHL, as illus-
trated in Fig. 2.3. Compared to set Cq, in model set C more CEMP stars come
from systems with initial period between 10,000 and 50,000 days. This difference
is due to the secondary stars coming from the low-mass tail. To become a CEMP
star, a low-mass star needs to accrete material from a relatively massive primary
with a large dust formation radius. Therefore such a binary system undergoes
the conditions for WRLOF only when the initial separation is relatively wide.
2.4.3.2 Model sets E and Eq: CEMP initial parameter space
The distributions of M2 resulting from model sets E and Eq (Fig. 2.5c) are
qualitatively similar to those obtained from sets C and Cq (Fig. 2.5a). However,
the low-mass tails of the distributions of M2 do not extend to as low masses as
in the previous sets. A less massive secondary star needs to accrete more mass
in order to become a CEMP star, hence it is more likely to form in a system with
a relatively high mass primary. Such systems are more likely to fill their Roche
lobe and undergo a common-envelope phase in our γ2−model sets because of
stronger angular momentum loss. Therefore CEMP stars forming from very
low-mass secondaries are relatively rare in the γ2−model sets.
The strong angular momentum loss causes the formation of a large fraction
of CEMP stars from very wide systems, as can be seen in the initial period
distribution (Fig. 2.5d). This effect was already appreciable in the case of BHL
wind mass transfer (Fig. 2.4) and with the WRLOF mode it is further increased.
The comparison of the initial parameter distributions allows us to compare
the effects of the WRLOF and BHL mechanisms, although initial masses and
periods are not observable. In the next sections we study the distributions of
carbon and nitrogen that are directly comparable to the distributions observed
in CEMP stars.
2.4.4 Distributions of carbon and nitrogen
To compare our models with observations we use a database of VMP stars based
on the SAGA observational database compiled by Suda et al. (2008, 2011), com-
bined with data of metal-poor stars from Frebel et al. (2006) and from Lucatello
et al. (2006). We select stars corresponding to our VMP criteria: (i) the iron
abundance is in the range [Fe/H] = −2.3 ± 0.5 dex and (ii) the star is a giant or
a sub-giant, with log10(g/cm s
−2) ≤ 4.0 (in the database of Frebel et al., 2006,
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Figure 2.6: Distribution of [C/Fe] in the CEMP population. The histogram shows
the observed distribution in our data sample, with Poisson errors. The solid,
dotted and dot-dashed lines are model sets A, Cq and Eq respectively. Model set
A is our default, Cq and Eq are the models for q-dependent WRLOF. Model set Cq
assumes a spherically symmetric wind. Model set Eq is calculated with γ = 2 in
Eq. (2.10).
stars are catalogued as giants or sub-giants according to their B−V colour). This
selection leaves us with a database of 413 VMP stars with measured carbon abun-
dance, of which 100 are CEMP stars. Our database collects all data of VMP and
CEMP stars so far available in the literature and is not complete because of the
different observational properties and selection effects of the original samples:
e.g. data from Lucatello et al. (2006) contains mostly CEMP stars. Therefore the
CEMP fraction in our database (approximately 24%) is not representative.
Our mass-ratio dependent models Cq and Eq predict abundance distributions
of carbon and nitrogen very similar to our q-independent models C and E
respectively. Therefore in this section we focus our discussion on the model sets
Cq and Eq.
None of our model sets is able to accurately reproduce the distribution of
carbon in the observed CEMP population, as shown in Fig. 2.6. Our model
sets Cq and Eq show qualitatively the same trend as the data. However, the
peak around [C/Fe]≈ 2.5 corresponds to a carbon abundance 3 − 4 times higher
than the observations. This might indicate that in our models the accretion
efficiency is too high. The fate of the transfered material is to be mixed by
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the thermohaline process in the envelope of the accretor, composed mainly of
hydrogen. However, a star of 0.5 M must accrete 0.3 − 0.4 M from the donor
to be selected as a CEMP star, and this material is only weakly diluted in the
envelope. Hence secondary stars with low initial mass become strongly carbon
enriched stars. In Sect. 2.2.2 we estimated the error on the accretion efficiency
calculated in the hydrodynamical simulations to be within 50%. If we reduce
the efficiency of WRLOF by a factor 2 in our model set Cq we remove the stars
with initial mass below 0.6 M from the CEMP population and the CEMP/VMP
ratio is consequently reduced from 2.63% to 2.53%. This also results in a shift
of the distribution towards lower values of [C/Fe] but the peak remains around
2.1 − 2.3, i.e. higher than the observations. A further decrease in the accretion
efficiency in our WRLOF model would presumably result in a better agreement
with the observed carbon distribution. However, we should keep in mind that
the data in our observed sample may not be representative of the real carbon
distribution because our sample is inhomogeneous and incomplete.
In Fig. 2.7 we show the distribution of [N/Fe] versus [C/Fe] for γ2−model
set Eq. Most of our CEMP stars have small nitrogen enhancements and we
predict a small number of CNEMP stars, i.e. CEMP stars enhanced in nitrogen
([N/Fe] ≥ 1.0 and [N/C] > 0.5). Most observed CEMP stars are in the region
between these two groups, where we predict a dearth of systems, and no CNEMP
stars are found in our data sample. Our predictions are similar to those of I09
and this is not unexpected, because our updates modify the efficiency of the
mass transfer, not the chemical composition of the transferred material. To
reproduce the nitrogen enhancement some extra mixing processes are required
to burn part of the carbon in the CN cycle and modify the amount of nitrogen
brought to the surface of the AGB star (see e.g. Nollett et al., 2003).
2.4.5 Model sets with efficient third dredge-up at low mass
In our model populations the fraction of CEMP stars is considerably lower than
that observed. Our failure to reproduce the observed distributions of carbon
and nitrogen might simply be a consequence of this. To increase the number
of CEMP stars predicted by their standard model set A, I09 choose a set of
parameters that reduces the minimum core mass and envelope mass required
for third dredge up and increases the amount of material dredged up. With such
a set of parameters all TPAGB stars down to initial masses of 0.8 M undergo
efficient third dredge up and I09 find a CEMP/VMP ratio of 9.43%, about four
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Figure 2.7: The distribution of [N/Fe] vs [C/Fe] in the CEMP population predicted
by γ2-model set Eq with q-dependent WRLOF. Darker grey indicates greater
density of stars. Crosses are data from our selection of SAGA database. Average
error bars of the observations are shown in the top-left corner. CEMP stars appear
to the right of the vertical dotted line. CNEMP stars enhanced both in carbon and
nitrogen appear above the diagonal dotted line.
times higher than in their standard model A and at the low end of the range of
the observations.
The need for efficient dredge up at low core masses and low metallicity has
been pointed out by many authors, e.g. Groenewegen & de Jong (1993); Marigo
et al. (1996) and Izzard & Tout (2004). Further justification for these assumptions
is provided by recent detailed models that find dredge up for stellar mass down
to 0.9 M at Z = 10−4 (see e.g. Stancliffe & Glebbeek, 2008, Karakas, 2010).
Indirect indications of efficient dredge up at low mass and metallicity arise from
the observed abundance of s-elements in metal-poor stars (Bonacˇic´ Marinovic´
et al., 2007) and from observations of low-mass white dwarfs in the globular
cluster M4 (see Kalirai et al., 2009).
In our model set G we take the same set of parameters as in model set G of
I09 in addition to the equation for the wind velocity proposed by Vassiliadis &
Wood (1993) and the assumption of a spherically symmetric wind and we obtain
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Figure 2.8: As Fig. 2.6 for models with enhanced third dredge up. Model G (solid
line) is calculated with the BHL prescription, Jq (dotted line) and Kq (dot-dashed
line) are q-dependent model sets.
a CEMP/VMP ratio of 9.00%. The small difference with respect to the result of
I09 is due to the different equation for the wind velocity we use to calculate the
accretion rate. When we include the WRLOF prescription in our model G we
obtain the same relative increase as in the models without enhanced dredge up.
The WRLOF accretion efficiency increases the CEMP star fraction by a factor
of about 1.2 − 1.3, which further increases to approximately 1.4 − 1.5 when we
also consider the contribution of efficient angular momentum loss. With the
q-dependent WRLOF prescription the CEMP/VMP ratio increases to 11.91% in
the ssw-model set Jq and to 13.66% in the γ2-model set Kq. If we assume a
binary fraction of 100%, these results are within the range of the observations
(9 − 25%). However, our models predict most of the CEMP stars to have a
carbon-enhancement [C/Fe] > 2.5, much larger than the observations (Fig. 2.8).
Because this choice of parameters does not directly affect the amount of nitro-
gen transported to the stellar surface the discrepancy in nitrogen abundances
remains an issue.
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Figure 2.9: Period distribution in our CEMP population. The 0.2 dex bins are
equally spaced in log10(P/days). Solid, dotted and dot-dashed line are model sets
A, Eq and Kq respectively. Plus signs are the observations from SAGA database.
A is the default set. Eq and Kq are γ2-model sets with q-dependent WRLOF.
Model set Kq assumes efficient dredge up in stars down to 0.8 M.
2.4.6 Orbital periods
In Fig. 2.9 we compare the final period distributions from our γ2-model sets Eq
and Kq to our default model A and to the data from our selection of the SAGA
database. Model set Eq predicts most CEMP stars at orbital periods around 2000
days, whereas default model set A predicts mostly wider systems and peaks
around 40,000 days. Model set Kq, which allows efficient third dredge up in
low-mass stars, predicts CEMP stars in a range of orbital periods wider than
model set Eq and is able to reproduce the shortest-period CEMP stars of our
sample. A similar result is obtained with model sets G and Jq.
Even though many CEMP stars are known to be binaries, only a few have
known orbital periods because long periods are difficult to measure. In our
observed sample 6 out of 100 CEMP stars show a period below 4400 days
(the longest-period measured in a CEMP star so far), i.e. a fraction of 0.06
if we assume that all the other observed CEMP stars are in binary systems
with a longer period. In reality this is a lower limit because only a fraction of
the observed systems in our heterogeneous sample have been investigated to
determine the period. Model sets A, Eq and Kq predict a fraction of CEMP stars
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with period shorter than 4400 days of 0.2 , 0.48 and 0.36 respectively (values
in the same range are found with all the other model sets). This exceeds the
observational lower limit, and therefore we are not able to rule out any of our
models.
2.5 Discussion
This paper presents the first study in which the WRLOF mode of mass transfer
is taken into account in binary population synthesis: the purpose of this work
is to investigate how the implementation of a more realistic description of the
wind mass transfer process affects a population of CEMP stars.
WRLOF has two effects on the evolution of binary systems: it increases
both the accretion efficiency of the mass transfer and the angular momentum
taken away by the material lost in the wind. The enhanced accretion efficiency
produces an increase in the CEMP to VMP number ratio by a factor 1.2−1.3. It has
strong effects on the initial secondary mass distribution, which gains low-mass
secondary stars, and on the carbon distribution, which peaks at large [C/Fe]. Our
prescription of efficient angular momentum loss increases the CEMP to VMP
ratio by a factor 1.2 − 1.5 and has strong effects on the initial and final period
distributions of CEMP stars. Initially wide systems shrink enough to interact
and transfer mass to the secondary star. Moreover, a higher number of systems
are predicted at relatively short final periods. The combined contribution of
these two effects widens the initial range of systems that become CEMP stars
towards longer periods and lower secondary masses. As a result the CEMP to
VMP ratio predicted by our models increases by a factor 1.4 − 1.8 and we find a
distribution of carbon abundances more similar to observations than in previous
studies.
The reliability of our model of WRLOF is limited by the small number of
hydrodynamical simulations of wind accretion in binary systems. In partic-
ular, the efficiency of angular momentum loss by the stellar wind is poorly
constrained by currently available models. We have assumed two different,
very simple models: a spherically symmetric wind that does not interact with
the binary system (equivalent to γ = q ≤ 1 in eq. 2.10), and a strongly modi-
fied wind that carries away twice the average specific angular momentum of
the orbit (γ = 2). These assumptions may respresent very wide systems and
relatively close systems, respectively, because the specific angular momentum
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carried away by the wind is likely to decrease with increasing ratio of wind
velocity over orbital velocity (Jahanara et al., 2005). The dependence of γ on
orbital period and mass ratio cannot be quantified further at present, and our
simple assumptions can only bracket the real situation. To improve upon our
model of the enhanced accretion rate and of the efficiency of angular momen-
tum loss more hydrodynamical simulations are needed, and for a wider range
of initial masses and separations. Considering the uncertainties related to the
accretion rate, we tested how strongly the CEMP to VMP fraction depends on
the accretion efficiency in the WRLOF regime. The dependence is found to be
weak: if the accretion efficiency is reduced by a factor 2, the CEMP/VMP ratio
decreases from 2.90% to 2.77% in model set C and from 2.63% to 2.53% in model
set Cq.
Another uncertainty is related to the condensation temperature used to de-
termine the dust formation radius of AGB stars. A variation in Tcond affects the
range of separations over which binary systems undergo WRLOF. We tested this
by varying Tcond by 10% around the assumed value of 1500 K. A lower conden-
sation temperature (Tcond = 1350 K) does not affect the CEMP/VMP ratio while
the initial and final period distributions include more wide systems. If Tcond is
1650 K the CEMP/VMP in model C is decreased from 2.90% to 2.50% because
the number of CEMP stars with initial period longer than 30,000 days is almost
zero and initially close systems, with period shorter than 1000 days, enter into a
common envelope which prevents mass accretion. Our results are also affected
by uncertainties related to the AGB phase, such as the amount of carbon and
nitrogen dredged up to the surface and the wind acceleration mechanism, to the
mixing processes that occur in the primary and the secondary star and to the
IMF at low metallicity.
We have assumed that all stars are formed in binary systems with semi-major
axes 3 < a/R < 105. The observed fraction of binary systems with this range
of orbits in the solar neighbourhood is smaller, however. Duquennoy & Mayor
(1991) find that in the solar neighbourhood about 60% of solar-like stars have a
binary companion. The study by Kouwenhoven et al. (2007) of the young stellar
association Scorpius OB2 shows a binary fraction of at least 70% (3σ confidence)
and probably close to unity among stars of spectral type A and B in the range
5R . a . 5 × 106R. With the assumed flat distribution in log10 a, the range
of separations in our grid corresponds to about 75% of the range analysed in
Scorpius OB2. This implies that our calculated CEMP/VMP ratios should be
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reduced by a factor . 0.75, although we note that the fraction and distribution
of binary systems among metal-poor halo stars is not well constrained and may
be different than in the solar neighbourhood.
WRLOF can influence a variety of astrophysical phenomena outside the
context of this paper (Mohamed & Podsiadlowski, 2007). For instance, WRLOF
could likely play a role in the wind-accretion scenario which is generally ac-
cepted to explain the formation of the barium and CH stars observed at relatively
higher metallicity. Also, in the case of formation of planetary nebulae in binary
systems WRLOF widens the range of separations in which the presence of a
companion star distorts the shape of the ejected material. Finally, in a symbiotic
binary the white dwarf could accrete enough mass from an AGB companion
star to trigger nova outbursts or the explosion of a Type Ia supernova. It would
be interesting to study the effects on these phenomena of our implementation
of WRLOF.
2.6 Summary and conclusions
We summarise here our analysis.
i) We have updated our population synthesis code by improving algorithms
to calculate the angular momentum variations and wind velocity. These
changes result in a modest change in the overall population of carbon-
enhanced metal-poor (CEMP) stars.
ii) We propose a model for the wind Roche-lobe overflow (WRLOF) mode
of mass transfer. In this model the accretion efficiency of mass transfer is
based on the results of hydrodynamical simulations of Mohamed (2010)
and only depends on the radius of the donor star and on the separation
of the binary system. We also introduce a dependency on the mass ratio
of the two stars that scales as q2. We consider the effect of WRLOF on
the orbital angular momentum lost by the binary systems with a simple
prescription in which the wind carries away twice the average specific
angular momentum of the orbit.
iii) The WRLOF accretion efficiency causes an increase by a factor 1.2− 1.3 of
the number ratio of CEMP stars to VMP stars. The prescription for efficient
angular momentum loss increases the CEMP/VMP ratio by a factor 1.2−1.5.
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When both effects are taken into account we predict a CEMP/VMP ratio
up to 4% if we assume a binary fraction of unity.
iv) Our model with efficient third dredge-up in stars of mass down to 0.8 M
predicts a CEMP/VMP ratio of 9%, confirming the results of Izzard et al.
(2009). When we combine efficient dredge up with the WRLOF model we
find a similar relative increase in the CEMP/VMP ratio as predicted in the
models with standard dredge up and we predict a CEMP/VMP ratio in the
range 11 − 14% (again for a binary fraction of unity).
In conclusion, our model of WRLOF widens the range of binary systems
which form CEMP stars and as a result increases the predicted CEMP fraction
and modifies the distribution of carbon abundance and period of the CEMP
population. Assuming in addition efficient dredge up in low-mass stars we
obtain CEMP/VMP ratios in the range of the observations. Other physical
processes need to be considered to reproduce the distribution of carbon and
nitrogen observed in CEMP stars.
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Abstract
AGB stars are responsible for the production of a variety of elements, in-
cluding carbon, nitrogen and heavy elements produced in the slow neutron-
capture process (s-elements). There are many uncertainties involved in
modelling the evolution and nucleosynthesis of AGB stars and this is espe-
cially the case at low metallicity, where most of the stars with sufficiently
large masses to enter the AGB have evolved to become white dwarfs and can
no longer be observed. The stellar population in the Galactic halo is of low
mass (. 0.8M) and only few observed stars have evolved beyond the first
giant branch. However, we have evidence that low-metallicity AGB stars in
binary systems have interacted with their low-mass secondary companions
in the past. The aim of this work is to investigate AGB nucleosynthesis at
low metallicity by studying the surface abundances of chemically peculiar
very metal-poor stars of the halo observed in binary systems. To this end we
select a sample of 15 carbon- and s-elements enhanced metal-poor (CEMP-
s) halo stars that are found in binary systems with measured orbital period.
With our model of binary evolution and AGB nucleosynthesis we determine
the binary configuration that best reproduces at the same time the observed
orbital period and surface abundances of each star of the sample. The ob-
served periods provide tight constraints on our model of wind mass transfer
in binary stars, while the comparison with the observed abundances tests
our model of AGB nucleosynthesis. For most of the stars in our sample we
find that an episode of efficient wind mass transfer combined with strong
angular momentum loss has occurred in the past. In some cases we find
discrepancies between the observed and modelled abundances even if we
adopt a fine-tuned set of parameters in our binary evolution model. These
discrepancies are probably caused by missing physics in our models of AGB
nucleosynthesis and provide indications of how to improve our knowledge
of the process of nucleosynthesis in AGB stars.
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3.1 Introduction
In the final nuclear-burning stage of their lives, stars with initial masses between
about 0.8 M and 8 M ascend the asymptotic giant branch (AGB). During this
phase of evolution the stellar radius and luminosity increase by two to three
orders of magnitude and the convective envelope of the star is expelled and
enriches the interstellar medium with the products of stellar nucleosynthesis.
AGB stars play an important role in our understanding of the origin of the
elements (Travaglio et al., 2004; Romano et al., 2010; Kobayashi et al., 2011).
Nuclear reactions in the interior of AGB stars are responsible for the production
of a variety of isotopes of elements such as carbon, nitrogen, fluorine, sodium,
magnesium and also elements heavier than iron produced by the slow neutron-
capture process (Busso et al., 1999; Herwig, 2005).
Despite the importance of AGB stars for the chemical evolution of galaxies,
several aspects of their evolution are not well understood. The physics of mix-
ing is poorly constrained and the connected roles of convection, overshooting,
rotation and magnetic fields need to be analysed in detail. Mass loss in AGB
stars is highly uncertain and most prescriptions in the literature are based on
semi-empirical fits to observations of AGB stars in our Galaxy or in the Mag-
ellanic Clouds (e.g., Vassiliadis & Wood, 1993; van Loon et al., 2005). Other
uncertainties include nuclear reaction rates and low-temperature opacities that
follow the chemical composition of the AGB model in detail; both are crucial to
determine the predicted level of chemical enrichment from an AGB model (e.g.,
Izzard et al., 2007; Marigo & Aringer, 2009).
AGB nucleosynthesis depends on all these physical quantities and therefore
the observation of chemical abundances in AGB stars and their progeny (e.g.
post-AGB stars and planetary nebulae) are an important source of information
on the physical processes that drive the evolution of these objects (Herwig, 2005).
However, because the duration of the AGB phase is typically less than 1% of
the total stellar lifetime (Vassiliadis & Wood, 1993), AGB stars are relatively rare
compared to stars in earlier evolutionary stages. This is a limit especially at
the low metallicity of the Galactic halo, where the stellar population is approx-
imately ten billion years old and AGB stars more massive than about 0.85 M
have already become white dwarfs.
One way to overcome this limit is to look for signatures of AGB nucleosyn-
thesis in halo binary stars. Consider a binary system where, in the long distant
past, the primary star ascended the AGB. When this happened, some fraction of
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its stellar wind was transferred on to the companion, a lower-mass secondary
star. If the total mass of the secondary star after the accretion did not exceed
approximately 0.85 M this star has not yet become a white dwarf and can in
principle still be observed today.
This binary scenario has been invoked to explain the peculiar chemical abun-
dances determined in the carbon-enhanced metal-poor (CEMP) stars widely
observed among the very metal-poor (here defined as1 [Fe/H] . −2.0) stars of
the Galactic halo. CEMP stars constitute a significant fraction of metal-poor
stars in the halo, between 9% and 25% (e.g., Marsteller et al., 2005; Frebel et al.,
2006; Lucatello et al., 2006; Carollo et al., 2012; Lee et al., 2013), with the CEMP
frequency rising with a decrease in metallicity (Carollo et al., 2012; Yong et al.,
2013a; Lee et al., 2013). Most CEMP stars are also enriched in heavy elements
produced by slow and rapid neutron-capture processes (s-process and r-process,
respectively). Traditionally the excess of barium in stars is related to s-process
and the excess of europium to r-process (Sneden et al., 2008). Jonsell et al. (2006)
indicate as CEMP those very metal-poor stars with observed [C/Fe] > 1 and as
CEMP-s the CEMP stars that satisfy the relations [Ba/Fe] > 1 and [Ba/Eu] > 0
simultaneously. CEMP-s stars with [Eu/Fe] > 1 are defined CEMP-s/r stars.
Other authors adopt slightly different definitions (e.g., Beers & Christlieb, 2005;
Aoki et al., 2007; Masseron et al., 2010). The binary formation scenario is sup-
ported by detection of radial velocity variations in a large number of CEMP-s
stars, statistically consistent with the hypothesis that all CEMP-s stars are in
binary systems (Lucatello et al., 2005d; Starkenburg et al., 2014).
Several authors have used AGB nucleosynthesis models with the aim to
reproduce the abundances observed in CEMP-s stars (Stancliffe & Glebbeek,
2008; Stancliffe, 2009; Bisterzo et al., 2009; Masseron et al., 2010; Bisterzo et al.,
2011, 2012; Lugaro et al., 2012; Placco et al., 2013). In these studies the observed
abundances of the CEMP-s stars are directly compared to the outcome of detailed
models of AGB nucleosynthesis of various masses and metallicities, with some
assumptions to estimate the dilution of the accreted material in the envelope
of the secondary star. In particular, Bisterzo et al. (2012) provide an individual
analysis of 94 CEMP-s stars in the metallicity range−3.6 ≤ [Fe/H] . −1.0. Placco
et al. (2013) have recently performed a similar analysis of two newly discovered
CEMP-s stars for which they had previously determined the surface abundances
1[X/Y]= log10(NX/NY)−log10(NX/NY), where NX,Y indicates the number density of the elements
X and Y and  denotes the abundances in the Sun.
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of 34 elements. Bisterzo et al. (2012) and Placco et al. (2013) conclude that the
observed abundances of most CEMP-s stars are consistent with the hypothesis
that these stars have accreted mass from an AGB companion, while the models
of AGB nucleosynthesis do not agree well with the abundances of CEMP-s/r
stars. The physical process that leads to simultaneous enhancement of s- and r-
elements in these stars is still debated.
In this paper we focus our analysis on a sample of 15 observed CEMP-s binary
stars with known orbital periods. We tackle the problem of their formation
history by studying the whole dynamical and chemical evolution of the binary
systems. The purpose of this work is to study under which conditions our model
reproduces at the same time the evolutionary stage, chemical abundances and
orbital period of each observed star, and to understand which constraints can be
placed on our model of binary evolution and of the nucleosynthesis processes
in AGB stars. The measurement of the orbital period, besides implying that
these systems have very likely interacted in the past, provides a constraint on
the initial orbital separation and hence also on the initial masses of the stars in
the binary system. A larger sample of CEMP-s stars without measured period
is analysed in our forthcoming paper (Abate et al., in prep., hereinafter Paper II).
The paper is structured as follows. In Sect. 3.2 we describe our sample of
observed CEMP-s stars. In Sect. 3.3 we briefly discuss the evolution of a star
in the AGB phase according to detailed models. In Sect. 3.4 we summarise
the main characteristics of our binary evolution model, we explain how we
included therein the results of detailed models of AGB nucleosynthesis and we
describe our method to find the best fit of the observed abundances of each star
in our sample. Sect. 3.5 is dedicated to the comparison between the data and
the outcome of our model. In Sect. 3.6 we discuss the results while Sect. 3.7
concludes.
3.2 Data sample
To perform our analysis we select a sample of 11 binary stars according to the fol-
lowing criteria: (i) measured orbital period; (ii) iron abundance −2.8 < [Fe/H] ≤
−1.8; (iii) enhanced carbon and barium abundance, respectively [C/Fe] ≥ 1 and
[Ba/Fe] ≥ 0.5. The restriction on the abundance of iron is motivated because our
model of AGB nucleosynthesis is tailored to reproduce the abundances at metal-
licity Z = 10−4, roughly corresponding to [Fe/H] ≈ −2.3 (see details in Sects. 3.3
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and 3.4). We ignore systems in which only upper or lower limits are available.
We add to this sample four more systems: CS22956 − 028, in which barium is
only weakly enhanced, [Ba/Fe]= 0.38, but the strontium abundance is [Sr/Fe]=
1.39; CS29497 − 034, which is enhanced in carbon and barium ([C/Fe] = 2.69,
[Ba/Fe] = 2.12) and has many observed elements but the iron abundance is low,
[Fe/H] = −2.96; HD198269 and HD201626, in which barium has not been mea-
sured but the abundances relative to iron of other s-elements, e.g. lanthanum,
cerium and lead, are enhanced by more than 1 dex. In Table 3.1 we list for all
15 stars in our sample the observed orbital period, Porb, eccentricity, e, mass
function, f (Mc) surface gravity, effective temperature, Teff , iron abundance and
number of elements observed. For every star we collect from the literature the
absolute abundance of each element,
AX = 12 + log10
NX
NH
, (3.1)
where NX and NH are the number densities of element X and hydrogen, re-
spectively. To compute the abundances relative to iron, [X/Fe], we use the solar
abundances as determined by Asplund et al. (2009).
In most of the stars of our sample the abundances determined by different
authors are consistent within the observational uncertainties. In these cases we
adopt the arithmetic mean of the absolute abundances and the maximum pub-
lished uncertainty. In star CS22948 − 027 there are large discrepancies between
the abundances published by different authors, up to 1 dex or more. These
discrepancies are mostly due to the different atmospheric parameters adopted:
Preston & Sneden (2001) and Aoki et al. (2002d) find a low surface gravity,
log10(g/cm s
−2) = 0.8 and 1.0 respectively, whereas Hill et al. (2000), Barbuy
et al. (2005) and Aoki et al. (2007) find higher values, log10(g/cm s
−2) = 1.8, 1.8
and 1.9, respectively. The most recent abundances published by Barbuy et al.
(2005) and Aoki et al. (2007) are obtained from spectra at higher resolution
and signal-to-noise ratio compared to previous studies and include corrections
for effects due to non-local thermodynamic equilibrium, thus in our study we
adopt the average of their abundances. In stars HD198269 and HD201626 the
iron abundances published by Vanture (1992a) are 0.8 dex higher than the values
indicated by Van Eck et al. (2003), although the abundances of most s-elements
are consistent within the observational uncertainties. In the analysis of these
two stars we use the abundances of iron and s-elements published by Van Eck
et al. (2003) that are obtained from spectra at higher resolution. Because the
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abundances of carbon, nitrogen and oxygen are not provided by Van Eck et al.
(2003) we adopt the values indicated by Vanture (1992a).
The minimum uncertainty that we assume is 0.1 dex in the chemical abun-
dances and log g. For the effective temperature we adopt an uncertainty of 100 K
unless differently stated. Orbital periods and eccentricities of the 15 binary stars
in our sample are mostly published without errors; in Sect. 3.4.3 we explain
how we deal with this missing information and which parameters we actually
use in our study. For stars HE0507 − 1430 and LP625 − 44 no information about
the eccentricity or mass function is available. We adopt Porb = 12 years as period
of LP625 − 44, although this is in fact a lower limit (Aoki et al., 2002b) and the
real period is probably much longer (Hansen et al., 2012).
3.3 Nucleosynthesis during the AGB phase
An AGB star is characterised by two nuclear burning shells that are activated
alternately, the innermost burning helium above a degenerate carbon-oxygen
core, and the other burning hydrogen below a deep convective envelope. The
helium-burning shell is thermally unstable and pulses roughly every 104 years,
depending on the core mass and composition of the star. In each thermal pulse,
the energy produced by the helium-burning shell expands the outer layers and,
because of expansion, nuclear burning is estinguished in the hydrogen shell. At
this stage the inner edge of the convective envelope moves inward (in mass) and
mixes to the surface the products of internal nucleosynthesis, e.g. carbon and
s-elements. This mixing episode is known as third dredge-up (TDU). After the
TDU the star contracts, reignites the hydrogen shell and enters the interpulse
phase, during which hydrogen is burned quiescently. The thermally-pulsing
AGB phase is characterised by strong stellar wind mass-loss and the cycle of
hydrogen burning, thermal pulse and TDU terminates when the star has ejected
its entire envelope (for a detailed review on AGB evolution see e.g. Herwig,
2005).
The s-process occurs in the intershell region of AGB stars where helium
is abundant and (α, n) reactions can be efficiently activated to produce free
neutrons which are subsequently captured by seed nuclei (mainly 56Fe) to form
heavier elements. There are two possible neutron sources: the 13C(α, n)16O and
the 22Ne(α, n)25Mg reactions.
The neutron source and the timescale for neutron production determine
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the resulting s-process element distribution. We refer to Busso et al. (1999) for a
thorough discussion of the nucleosynthesis in AGB stars. Briefly, the 22Ne source
is activated at temperatures in excess of 3 × 108 K which can only be reached
in the thermal pulses of AGB stars more massive than 3 M (Truran & Iben,
1977). The 13C neutron source is activated at lower temperatures (approximately
9×107 K, Cameron, 1955). 13C is formed in the intershell region because the TDU
drags protons from the envelope into the interior of the star. The protons are
captured by the 12C to form a layer rich in 13C, the “13C pocket”. During the
subsequent interpulse period the 13C(α, n)16O reaction takes place in the 13C
pocket and releases free neutrons (Straniero et al., 1995) that are available for
the nucleosynthesis of 19F and s-elements.
One of the largest uncertainties in the study of the s-process nucleosynthesis
is related to the numerical treatment of the 13C pocket: its mass is essentially a
free parameter in the models but some constraints can be put by comparison to
the chemical composition observed in planetary nebulae, post-AGB stars and
CEMP-s stars to models.
In the models of Karakas (2010, K10 hereinafter), computed with the Monash/
Mount Stromlo (hereinafter Stromlo) code, the evolution of the stellar structure is
computed as a first step and subsequently detailed nucleosynthesis calculations
are performed using a post-processing algorithm (Lugaro et al., 2004; Karakas
& Lattanzio, 2007). In the post-processing algorithm, protons are mixed into
the intershell region by artificially adding a partial mixing zone (PMZ) at the
deepest extent of each TDU. This method is described by Lugaro et al. (2004) and
is similar to that of Goriely & Mowlavi (2000b). Lugaro et al. (2012) explore the
effect of different PMZ masses in the range [0, 0.004] M on the nucleosynthesis
of AGB stars of different initial mass. The mass of the PMZ is non-zero only in
low-mass AGB models (M ≤ 3 M; although as a test the case M = 5.5 M and
MPMZ = 5× 10−4 M is considered). At higher mass (and Z ≤ 10−4) the ingestion
of protons into the helium-flash-induced convection zone combined with the
high temperature at the base of the convective envelope leads to large energy
production. This may significantly affect the structure of the star and such an
effect cannot be taken into account in the post-processing algorithm (Sect. 2.2 of
K10).
Lugaro et al. (2012) distinguish four regimes of neutron-capture process in
their models of low-metallicity (Z = 10−4) AGB stars and each regime dominates
in a different mass range. In models of mass above 3 M the 22Ne neutron source
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dominates and lighter s-elements (e.g. strontium) are favoured with respect to
heavier s-elements (e.g. barium and lead). The 13C neutron source dominates
in models of mass below 3 M. For masses between 1.75 M and 3 M 13C
burns completely in radiative conditions, neutrons are captured in the thin 13C
layer and consequently the heavier s-elements are favoured because of the large
number of neutrons per iron seed. On the contrary, for lower masses 13C burns
convectively, neutrons are released over the whole intershell region and thus the
neutron-to-iron ratio is lower compared to the case when 13C burns radiatively.
In models with masses below 2.5 M, ingestion of protons associated with the
first few thermal pulses produce 13C nuclei, which burn convectively and s-
elements are produced even in the models without PMZ. This regime dominates
for masses below 1.5 M.
Lugaro et al. (2012) calculate detailed nucleosynthesis over a grid of 16 initial
masses between 0.9 and 6M for Z = 10−4. These include abundances predictions
for 320 isotopes from hydrogen through to 210Po as a function of interior mass
and time for each single stellar model. In Sect. 3.4.2 we describe the method we
used to implement these results in our model of binary population synthesis.
3.4 Model of binary evolution and nucleosynthesis
To study the chemical compositions of CEMP-s stars, we use the binary evolution
and population synthesis code binary_c/nucsyndescribed by Izzard et al. (2004,
2006) and recently updated by Izzard et al. (2009, 2010) and Abate et al. (2013).
This code combines a binary-evolution model based on the rapid binary stellar
evolution prescriptions of Hurley et al. (2002b) with a synthetic nucleosynthesis
model developed by Izzard et al. (2004, 2006, 2009). In the first part of this
section we briefly describe the most important characteristics of our model
(Sect. 3.4.1). In the second part we explain how we updated our synthetic
nucleosynthesis model with the results of our most recent detailed models of
AGB nucleosynthesis (Sect. 3.4.2). In the last part we describe the method used
to determine the best fit of the abundances observed in the stars of our sample
(Sect. 3.4.3).
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3.4.1 Input physics
We describe here the most important input parameters that need to be set in our
model of binary evolution and nucleosynthesis. In this section we list all the
options and in Sect. 3.5 we specify which assumptions are made in our analysis
of each binary system.
• The wind mass-loss rate up to the AGB phase is parameterised according
to the Reimers (1975) formula multiplied by a factor η = 0.5 on the first
giant branch. During the AGB phase the formula of Vassiliadis & Wood
(1993) is used, with minimum and maximum values of the wind velocity
vw = 5 km s−1 and 15 km s−1, respectively.
• The variations of angular momentum because of mass loss and the effi-
ciency of the wind mass-transfer process are calculated with two alterna-
tive model sets, namely:
– Model set A (default): the angular momentum carried away by the ex-
pelled material is computed assuming a spherically symmetric wind
(Eq. 4 of Abate et al., 2013). The wind accretion efficiency is calcu-
lated according to a model for wind Roche-lobe overflow (WRLOF)
that includes the dependence on the mass ratio of the binary system,
as in Eq. (9) of Abate et al. (2013).
– Model set B: a model of efficient angular momentum loss is adopted
in which the material lost from the binary system carries away a mul-
tiple γ = 2 of the average specific orbital angular momentum (Eq. 2
of Izzard et al., 2010 and Eq. 10 of Abate et al., 2013). An extremely
efficient wind mass-transfer process is simulated by adopting an en-
hanced version of the canonical Bondi-Hoyle-Lyttleton prescription
for the wind accretion rate, namely Eq. (6) by Boffin & Jorissen (1988)
with αBHL = 10, where2 αBHL is a numerical constant normally be-
tween 1 and 2.
The purpose of comparing these two model sets is to understand if our
models are limited in reproducing the observations by our treatment of
the mass-transfer process.
2In the paper by Boffin & Jorissen (1988) αBHL this constant is indicated simply as α
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• Thermohaline mixing is assumed to be efficient: the accreted material
mixes instantaneously with the stellar envelope. Stancliffe et al. (2007)
suggest that this approximation is typically reasonable. In some cases
we relax this assumption and simulate the conditions of highly inefficient
thermohaline mixing, in which the accreted material remains on the stellar
surface until mixed in by convection.
• Common-envelope evolution is computed according to the prescription
of Hurley et al. (2002b) with a free parameter for the common-envelope
efficiency of ejection set by default to αCE = 1. We do not include accretion
during the common-envelope phase.
• As initial composition of isotopes up to 76Ge we adopt the abundances
predicted by the chemical evolution models of Kobayashi et al. (2011)
for solar neighbourhood stars at [Fe/H] ≈ −2.3. For heavier isotopes
that have not been calculated by Kobayashi et al. (2011), we adopt the
solar distribution of abundances by Asplund et al. (2009) scaled down to
metallicity Z = 10−4.
• The nucleosynthesis algorithms that compute the evolution of the surface
abundances through the first and second dredge-ups are based on the
work by Karakas et al. (2002) and Karakas & Lattanzio (2007). A prescrip-
tion for hot-bottom burning is also included for star more massive than
approximately 2.75 M. For more details we refer to Izzard et al. (2004,
2006, 2009). In the next section we describe the treatment of the third
dredge-up.
3.4.2 Third dredge-up nucleosynthesis
The efficiency of third dredge-up is defined by:
λ =
MDU
∆MH
, (3.2)
where MDU is the mass dredged up from the intershell region and ∆MH is
the core-mass growth due to hydrogen burning during the previous interpulse
period. Thus, over a whole interpulse period the core grows by:
∆Mc = ∆MH −MDU = (1 − λ)∆MH . (3.3)
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Figure 3.1: Dredge-up efficiency λ (top) and the abundances of carbon and
barium (middle and bottom, respectively) computed at each thermal pulse with
the binary_c and Stromlo codes (solid and dotted line, respectively) for single
star of mass (from left to right) M∗ = 0.9, 1, 1.5 M and MPMZ = 2 × 10−3.
A TDU episode occurs with efficiency λ when Mc exceeds a threshold mass
Mc,min. The values of λ and Mc,min are functions of mass and metallicity fitted
to the detailed models by Karakas et al. (2002), Karakas & Lattanzio (2007) and
K10, according to the algorithms explained by Izzard et al. (2004, see their Sect.
3.4 for details). Izzard et al. (2009) introduced a free parameter in the model, the
minimum envelope mass for TDU Menv,min, to study the effects of efficient TDU
at masses down to approximately 0.8 M. In order to better reproduce λ as a
function of time from the detailed models by K10 we set,
Menv,min
M
=

0.15 if M∗ ≤ 1 M,
0.88 M∗ − 0.73 if 1 M < M∗ ≤ 1.25 M,
0.37 if M∗ > 1.25 M.
With these prescriptions, single stars of initial mass above 0.9 M experience
some TDU at metallicity Z = 10−4, in accordance with the models of K10.
Each TDU modifies the surface abundances of the model AGB star, because
material from the stellar interior that has been subject to nuclear processing is
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mixed into the envelope. For this reason it is essential to know the chemical
composition in the intershell region at every thermal pulse if we are to reproduce
surface composition of the detailed model with our nucloesynthesis algorithm.
In our model the abundances in the intershell region of an AGB star of metallicity
Z = 10−4 are stored in a table as a function of three quantities: the mass of the
star at the first thermal pulse, the thermal pulse number and a free parameter,
MPMZ, that describes the dependence of the chemical composition on the mass
of the partial mixing zone according to the Stromlo detailed models. Our table
includes all the isotopes provided by the models of Lugaro et al. (2012). During
the evolution of an AGB star of mass M∗, at each TDU an amount of mass MDU of
the intershell region is instantaneously mixed in the convective envelope. The
chemical composition of the dredged-up material is calculated by interpolating
values of stellar mass and MPMZ in our table. As an example of the chemical
evolution of the surface of an AGB star due to the TDU episodes, in panels d–i
of Fig. 3.1 we show the abundances of carbon and barium as computed at each
thermal pulse with the binary_c and Stromlo codes for stars of initial masses
0.9, 1 and 1.5 M with MPMZ = 2 × 10−3.
In Fig. 3.1a we show the value of λ as a function of the thermal-pulse number
computed with our model and with the Stromlo detailed code (solid and dotted
line, respectively) for a single star of mass 0.9 M. The detailed model predicts
no TDU between pulses number 4 and 7 and some TDU up to pulse 19 with a
maximum λ ≈ 0.14. In our model we have increasingly efficient TDU episodes
up to pulse 13, when the envelope mass becomes smaller than Menv,min = 0.15.
Despite the difference in λ the total amount of mass dredged up in the two
models is similar (0.012 M and 0.014 M with the Stromlo and binary_c codes,
respectively), as shown in the bottom panel of Fig. 3.2. Consequently, also the
surface abundances predicted by two models are similar (Figs. 3.1d and 3.1g).
Fig. 3.1b shows the value of λ for a single star of mass 1 M. The Stromlo code
predicts only two TDUs, a weak one after pulse number 5 and a stronger one
after pulse number 6. This peculiar evolution is observed only in the model
of a 1 M star, but not for larger masses (see K10 for details), and is probably
related to the dependence of the TDU phenomenon on the numerical treatment
of convective boundaries, as discussed e.g. by Frost & Lattanzio (1996) and
Mowlavi (1999). At mass M∗ = 1 M we do not force our model to reproduce
λ of the detailed model and as a consequence the total mass dredged up with
our model is almost 10 times larger (0.02 M rather than 0.002 M). Fig. 3.1c
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Figure 3.2: Maximum TDU efficiency λmax (top) and total mass dredged up
MDU, tot (bottom) for stellar masses in the range [0.9,6.0] as computed with the
binary_c (solid line) and Stromlo codes (dotted line).
is the same as Figs. 3.1a and 3.1b but for a star of mass 1.5 M. In this case
the main discrepancy is due to the fact that the detailed model predicts more
TDU episodes and therefore the total mass dredged up in our model is smaller
(bottom panel of Fig. 3.2). However, the final surface abundances of carbon
and barium are essentially the same (as shown in Figs. 3.1f and 3.1i). At higher
masses the two codes are in good agreement, as shown in Fig. 3.2 where we plot
the maximum value of the TDU efficiency, λmax, and the total amount of mass
dredged up during the AGB phase, MDU, tot, as a function of the initial mass of
the star (top and bottom panels, respectively).
Because the protons in the PMZ are processed to produce 13C, the parameter
MPMZ plays the same role in the chemical evolution of the AGB star as the
efficency of the 13C pocket discussed by e.g. Straniero et al. (1995), Busso et al.
(1999) and, more recently, Bisterzo et al. (2010). The main effects of increasing
MPMZ in our model, other conditions being equal, are to bring more s-elements
to the stellar surface and to produce a distribution of s-elements increasingly
weighted towards lead. In Fig. 3.3 we show the element abundances in a
2 M star at the end of the AGB computed with binary_c for four different
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Figure 3.3: Element abundances relative to iron predicted for a star of mass
M∗ = 2M with MPMZ = 0, 2 × 10−4, 2 × 10−3, 4 × 10−3 M (respectively: dotted,
dot-dashed, dashed, solid line). Plus signs represent the value predicted by the
Stromlo model for the same MPMZ.
masses of the PMZ. While the abundances of light elements differ by about
0.5 dex at most (Na, Mg, P) and generally remain constant, the abundances of
s-elements vary significantly between the minimum to the maximum size of the
PMZ, MPMZ = 0 M and MPMZ = 0.004 M, respectively. In Fig. 3.3 we show
the results of the Stromlo model for comparison (plus signs): the abundances
predicted by the two codes agree to within 0.1 dex. We note that below about
2M the surface abundances are much less sensitive to MPMZ and generally differ
by only few 0.1 dex, because for low masses proton-ingestion episodes occur in
the detailed models that cause s-elements production independently of MPMZ
(we refer to Lugaro et al., 2012, for details).
3.4.3 Method
As previously mentioned, the aim of our work is to find for each star in our
sample a model that reproduces the observed abundances. To this end, we
generate a grid of evolution models of N binary stars distributed in the M1 −
M2 − log10 a −MPMZ parameter space, where M1, 2 are the initial masses of the
primary and of the secondary star, respectively, a is the initial orbital separation
of the system and MPMZ is the mass of the partial mixing zone of any star that
undergoes AGB evolution. The grid resolution is equal to N = NM1×NM2×Na×
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NPMZ, where we choose NM1 = 34, NM2 = 28, Na = 30, NPMZ = 10. We consider
circular orbits in all our models.
The initial parameters are chosen as follows:
• M1 varies in the range [0.9, 6.0] M. Up to 3 M the grid spacing is ∆M1 =
0.1 and ∆M1 = 0.25 otherwise.
• M2 is uniformly spaced between 0.2 M and 0.9 M (∆M2 = 0.025 M).
• a varies in the range [102, 105] R. The distribution of separations is uni-
form in log10 a (∆ log10 a/R = 0.1). In the mass range considered here,
stars at wider separation do not interact in our models. All stars in our
grid are formed in binary systems.
• MPMZ is always zero in AGB stars of mass M ≥ 3 M, otherwise we use the
following values: 0, 10−4, 2× 10−4, 5× 10−4, 6.66× 10−4, 1× 10−3, 1.5× 10−3,
2 × 10−3, 3 × 10−3, 4 × 10−3 M.
We evolve the systems on this grid in parameter space and with different
combinations of the physical parameters described in Sect. 3.4.1. Subsequently
we select the stars that have not yet become white dwarfs at the evolutionary time
t ≥ 10 Gyr and therefore satisfy the surface gravity condition log10(g/cm s−2) ≤
5.0. For the stars that pass this selection criteria, we search the model stars that
best match the orbital period, log g and chemical abundances measured in the
observed stars. We apply the following iterative procedure for each of the 15
observed stars in our sample:
1. We first select the modelled binary systems with the right orbital period.
Because the observed errors on the periods are generally small (or in some
cases this information is not provided in the literature) the working error
that we adopt coincides with the spatial resolution in our grid of models,
which corresponds approximately to an uncertainty in the orbital period
of ∆ log10(Porb/days) = 0.15.
2. Subsequently, among the modelled stars that belong to binary systems
within the correct range of orbital periods, we select those stars that repro-
duce the observed surface gravity within one σg, where σg is the observed
error on log g. The value of log g gives an indication of the phase of evo-
lution of a star. The constraint on log g guarantees that we reproduce the
evolutionary status of the observed stars.
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3. For each of the modelled stars that have passed the selection criteria on
Porb and log g we calculate the χ2 for the model fit to the abundances with
the following equation:
χ2 =
∑
i
(Ai,obs − Ai,mod)2
σ2i
, (3.4)
where Ai,obs and Ai,mod are the abundances of element i (defined as in Eq.
3.1) in the observed and modelled star, respectively, and σi is the observed
uncertainty. We are mostly interested in studying the nucleosynthesis that
occurs during the AGB phase, so for this reason we compute χ2 taking
into account only the elements that are produced or destroyed by AGB
stars. This includes the light elements C, N, O, F, Ne, Na, Mg and all
the heavy neutron-capture elements with atomic number in the range
31 to 82. In this range are included the peak of light-s elements around
atomic number 40 (strontium, yttrium and zirconium), the peak of heavy-s
elements around atomic number 56 (barium, lanthanum and cerium) and
the lead peak. In AGB stars of mass below ≈ 3 M nitrogen is produced by
CN cycle when protons from the envelope are mixed into regions of the
star where carbon is abundant. The exact amount of nitrogen depends on
the extent of this mixing process that is uncertain and is not included in
our AGB nucleosynthesis model; however, the total amount of carbon and
nitrogen is conserved and therefore when both the elements are observed
we fit our models to the combined abundance C+N. In our study we do
not consider the elements with atomic number between 13 (aluminium)
and 30 (zinc). The abundance of aluminium is not affected by low-mass
AGB stars (M∗ ≤ 3M), which are the dominant site of the s-process, and
its production mostly occurs in intermediate-mass AGB stars with hot-
bottom burning, M∗ ≥ 3M (Ventura & D’Antona, 2009; Karakas et al.,
2012). Elements heavier than aluminium up to zinc are not in general
produced by AGB stars of any mass range (Karakas et al., 2009; Cristallo
et al., 2011). The abundances of these elements in very metal-poor stars are
expected to be consistent with the chemical composition of the gas cloud
from which the stars were formed and to be reproduced by our adopted
set of initial abundances, that are based on the results of galactic chemical
evolution models at metallicity Z ≈ 10−4. The discrepancies between the
observed abundances of elements between aluminium and zinc and our
set of initial abundances are discussed more in detail in Paper II.
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4. The model that gives the best match to the observed abundances is deter-
mined by the minimum value of χ2.
We note that in this procedure we do not include any constraint on Teff , which
has a strong dependence on the metallicity. The observed metallicities of the
stars in our sample vary by up to a factor of five. On the other hand, in our
model we keep the metallicity constant because the nucleosynthesis is valid for
Z = 10−4 and hence we do not expect to be able to reproduce Teff .
In our study we do not take into account that most neutron-capture elements
are not purely produced by the s-process but have also a r-process component
(Arlandini et al., 1999; Bisterzo et al., 2011). The origin of the r-process elements
in metal-poor stars is still unclear (Sneden et al., 1994; Jonsell et al., 2006; Sneden
et al., 2008; Lugaro et al., 2009; Masseron et al., 2010) and a thorough analysis of
this issue is beyond the scope of this paper.
3.5 Results
In this section we show the abundances observed in the 15 systems of our
sample and the models that best fit the observations. In Tables 3.2 and 3.3 we
summarise the input parameters and the results obtained for each modelled
system, as follows.
• Columns 2−6: the initial masses of the modelled stars, the mass of the PMZ,
the initial orbital period and, for binary systems that undergo common-
envelope evolution, the adopted value of the common-envelope efficiency.
• Columns 7 − 12: the results of the fit, namely the period of the modelled
binary, Pf, at the moment when the modelled secondary star best repro-
duces log g and the observed abundances, the surface gravity, the effective
temperature, the amount of mass accreted to the secondary ∆Macc, the
value of χ2, the number of degrees of freedom of the fit, ν, and the value
of the reduced χ2, i.e. χ2ν = χ2/ν. The number of degrees of freedom is
calculated as
ν = Nobs − (nfit − nc) = Nobs − 3 , (3.5)
where Nobs is the number of observables, i.e. the number of elements that
are used to calculate χ2; nfit = 5 is the number of the fitted parameters, i.e.
M1, M2, MPMZ, log g, Porb; nc = 2 is the number of observational constraints
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Figure 3.4: Best fitting model to star BD+04◦2466. In this and the similar plots
that follow the solid line represents the best fit while points with error bars show
the observed abundances, in black the elements used to determine the best fit and
in grey the other elements. In the right panel the combined abundance of C and
N is shown. Lower panel: residuals computed as the difference of observed and
modelled abundances.
that are not directly involved in the calculation of χ2 although they limit
the range of acceptable models, i.e. log g and the observed orbital period.
We note that the value ofχ2ν should not be used for a goodness-of-fit statistical
test, because the uncertainties associated to the observed abundances generally
convey only the uncertainties of the method adopted to measure the abundances,
while systematic errors are not taken into account, which may be caused for
example by the errors in the estimates of the temperatures and gravities of the
stars (as we mentioned, for example, for star CS22948− 027). However, χ2ν gives
an estimate of how well our model reproduces the observed abundances. At a
visual inspection models withχ2ν ≤ 3 appear to fit well the observed abundances,
while above this threshold the observations are not well reproduced.
3.5.1 BD+04◦2466
In Fig. 3.4 we show the observed and modelled abundances of star BD+04◦2466.
Black points with solid error bars show the abundances of the elements taken
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into account in Eq. (4) to determine the best fit. The other observed elements
are shown in grey with dotted error bars. Our best model (solid line) is found
with model set A, in which a 1.1 M star with MPMZ = 2 × 10−3 M transfers
approximately 0.09 M to the 0.76 M secondary star (Table 3.2). In the lower
panel of Fig. 3.4 we show the residuals calculated as the difference between the
observed and the modelled abundance of each element.
A modelled star with a smaller PMZ predicts an abundance of sodium in
better agreement with the observed value (that is overestimated in the best
model by 0.25 dex) but it underestimates the abundances of barium and lead.
The χ2 of our model increases significantly if we compare the abundances of
carbon and nitrogen separately, because carbon is overestimated by 0.3 dex
while nitrogen is underestimated by approximately 0.6 dex and consequently
χ2 = 21.1. However, as we noticed in Sect. 3.4.3 the exact amount of nitrogen
produced by CN cycle in AGB stars is uncertain. If some extra amount of
carbon is converted to nitrogen in the model we reduce the discrepancies of
both elements at the same time. Because carbon is much more abundant than
nitrogen, a decrease in [C/Fe] by 0.03 dex, is sufficient to match the observed
[N/Fe].
BD+04◦2466 is the only star of our sample for which our model set A provides
a significantly better fit than model set B. If we adopt the same initial masses
as the best model with model set B, the secondary star accretes approximately
0.2 M, becomes a 0.96 M star and evolves rapidly to a white dwarf before the
age of 10 Gyr. If we assume a 1.1 M primary star but a lower-mass secondary
star (M2,i ≈ 0.71 M) the final abundances are strongly enhanced and overesti-
mate the observations (χ2 = 41.3). With a 0.9 M primary star the secondary star
accretes less material (∆Macc ≈ 0.05 M) and the abundances of C+N, barium
and lead are underestimated. To accrete more material the secondary star needs
to be closer but the long observed orbital period excludes this possibility.
3.5.2 CS22942-019
The best fit to the observed abundances of star CS22942 − 019 (Fig. 3.5) is given
by model set B with a primary star of mass M1,i = 1.8 M that transfers material
to a 0.54 M companion. It is found combining three ingredients: an initially
wide separation, so that the primary star does not fill its Roche lobe, high mass
accretion rate, and efficient angular momentum loss, which is required to shrink
the initially wide system to the observed period.
74
3.5 Results
-1.5
-1
-0.5
 0
 0.5
 1
 0  5  10  15  20  25  30  35  40  45  50  55  60  65  70  75  80  85  90  95
atomic number
-1
-0.5
 0
 0.5
 1
 1.5
 2
 2.5
 3
 3.5
 4
Mg Nd
YSr Ba
C
Eu
Zr
Dy
La
Sm
Ce
Na
[Fe/H] = -2.69
CS22942-019
(1) set B: M1=1.8, M2=0.54, MPMZ=2x10
-4
, Pi=1.7x10
4
(2) set B: M1=1.3, M2=0.61, MPMZ=2x10
-3
, Pi=6.3x10
3
(1)
(2)
[ E
l / F
e ]
o
b s
- m
o d
Figure 3.5: Solid line and points: as Fig. 3.4 for star CS22942 − 019. The best
model is found with model set B, M1,i = 1.8 M, M2,i = 0.54 M and MPMZ =
2 × 10−4 M. Dashed line: alternative fit with M1,i = 1.3 M, M2,i = 0.61 M and
MPMZ = 2 × 10−3M (see text). Lower panel: The residuals of the best fit and
the alternative model are shown as plus signs with error bars and triangles,
respectively.
In our default model set A the binary system widens instead of shrinking as
in model set B. Consequently, the initial orbital separation needs to be shorter
(Pi ≈ 2100 days) and therefore a smaller M1,i is necessary (M1,i = 1.2 − 1.4 M),
otherwise the primary star fills its Roche lobe during the giant phase and the
binary system undergoes common-envelope ejection after which the separation
is too short compared to the observations. With these initial parameters our
WRLOF prescription is not very efficient: the secondary star accretes a smaller
amount of material compared to our best model, approximately ∆Macc = 0.1 M,
and therefore it needs to be initially more massive, M2,i = 0.76 M, to reproduce
the observed log g. The accreted material is more diluted in the secondary star
and we underestimate the observed abundance of the light-s elements even
when assuming the largest PMZ available in our model, MPMZ = 4 × 10−3.
Consequently the fit is poorer, χ2 = 74.
The choice of a relatively massive primary star (M1,i = 1.8 M) implies that
the abundances of almost all the elements are reproduced with MPMZ = 2×10−4.
A primary star more massive than 1.8 M overproduces sodium (even with
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MPMZ = 0 M) and typically produces excessively abundant heavy-s elements,
in contrast with the observations, which give [hs/ls] ≈ 0. Because most of our
modelled systems in Tables 3.2 and 3.3 have a relatively large PMZ (typically
few 10−3 M) and MPMZ = 2 × 10−3 M is considered the standard PMZ mass by
Lugaro et al. (2012), in Fig. 3.5 we compare our best fit with the best model that
adopts MPMZ = 2×10−3 M (dashed line). The initial parameters of this model are
M1,i = 1.3 M, M2,i = 0.6125 M, Pi = 6.28× 103 days, and the other assumptions
are the same as in the best model. With this model the light-s elements are
underestimated while most of the heavy-s elements are overestimated and as a
result χ2 = 54.
3.5.3 CS22964-161A,B
In the binary system CS22964–161A,B (Fig. 3.6) both stars are enriched in carbon
and s-process elements. The observed surface gravity of both stars is relatively
high and therefore consistent with stars that have recently passed the main
sequence turn-off (CS22964–161A, upper panel of Fig. 3.6) or are still on the main
sequence (CS22964–161B, lower panel of Fig. 3.6). The simplest interpretation
is that the binary system seen today was the recipient of the material lost in
the past from a third star in its AGB phase, in a hierarchical triple system. The
low-mass primary star was orbited by a close binary with component masses
only slightly smaller than their present values. According to the analysis of
Thompson et al. (2008) the third star had an initial orbital period P > 4000 days,
much longer than the period of the close binary, and today is an invisible white
dwarf. In this interpretation we do not have a constraint on the orbital period
of the third star but we have an extra constraint on the mass of the primary star
of the system, because the same star has polluted both components of the inner
binary.
Because our binary_c code is suited to study the evolution of binary systems
and not triple systems, to determine the model that best reproduces the observed
abundances of the two stars we use a different method from the other stars of
our sample.
1. We find the two models that best reproduce the abundances observed in
each of the two stars, with no restriction on the orbital period. Because
the stars have similar abundances, we find similar values of the primary
masses, namely 1.5 M and 1.6 M for stars A and B, respectively. Because
the primary mass has to be the same for the two stars, we select the model
76
3.5 Results
-1.5
-1
-0.5
 0
 0.5
 1
 0  5  10  15  20  25  30  35  40  45  50  55  60  65  70  75  80  85  90  95
atomic number
-1
-0.5
 0
 0.5
 1
 1.5
 2
 2.5
 3
 3.5
 4
Mg
Nd
Y
Sr
BaC
EuZr
La
Yb
Ce
Pb
[Fe/H] = -2.43
CS22964-161A
set A: M1=1.6, M2=0.79, MPMZ=2x10
-3
, Pi=2.74x10
5
[ E
l / F
e ]
o
b s
- m
o d
-1.5
-1
-0.5
 0
 0.5
 1
 0  5  10  15  20  25  30  35  40  45  50  55  60  65  70  75  80  85  90  95
atomic number
-1
-0.5
 0
 0.5
 1
 1.5
 2
 2.5
 3
 3.5
 4
Mg
Nd
Y
Sr
BaC
EuZr
La
Yb
Ce
Na
Pb
[Fe/H] = -2.43
CS22964-161B
set A: M1=1.6, M2=0.71, MPMZ=2x10
-3
, Pi=2.74x10
5
[ E
l / F
e ]
o
b s
- m
o d
Figure 3.6: Stars CS22964 − 161A (upper panel) and CS22964 − 161B (lower panel).
The symbols are the same as in Fig. 3.4.
that best reproduces the two stars simultaneously. If we fix M1,i = 1.5 M
the best fit of star A gives χ2A = 16.9 while for star B we compute χ
2
B = 18.0,
i.e. the combinedχ2 isχ2A+B = 34.9. On the other hand, we findχ
2
A+B = 31.3
if we fix M1,i = 1.6 M and therefore we select this as our best fit parameter.
With M1,i = 1.6 M stars A and B have initial mass 0.79 M and 0.71 M
and accrete 0.037 M and 0.023 M, respectively.
2. We study the dynamical evolution of a binary system where M1,i = 1.6 M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and M2,i = 1.5 M to mimic the effect of a triple system where the primary
star in a wide orbit “sees” the close inner binary as a single object with
mass equal to the sum of the two components. We impose that the primary
star transfers to the companion an amount of mass equal to ∆Macc =
0.037 + 0.023 = 0.06 M. With model set A we find a solution at an initial
orbital period Porb ≈ 2.74 × 105 days (with model set B we find the same
initial masses and Porb ≈ 1.30 × 105 days). This value is much larger
than the orbital period of the inner binary and therefore it is reasonable to
assume that the effect of the inner binary on the evolution of the primary
star resembles that of a single star. At any shorter initial period in our grid,
under the condition Porb > 4000 days, the accreted material is larger and
this in turns implies an overestimated enhancement of the abundances
observed in stars A and B (χ2A+B ≥ 50).
3. In our best model star A is initially 10% more massive than star B. The
final mass ratio q = MB/MA is approximately 0.90, similar to the measured
value of 0.88 (Thompson et al., 2008). A choice of two stars with initially
equal masses MA = MB = 0.76 M that accrete the same amount of mate-
rial ∆Macc = 0.045 M leads to a model that is similar to our best model
(respectively, χ2A = 20 and χ
2
B = 16).
Our best model reproduces the abundances of all the elements in both stars,
except for sodium, which is overproduced in star B, and yttrium, which is
slightly overestimated in both stars. Although the fit that we find for stars A
and B is reasonably good this result should be interpreted with care. We derived
this result with our binary evolution model, whereas the progenitor system was
likely a triple star. An upper constraint to the mass of the primary star is given
by the abundance of sodium in star B, which is low and is strongly overestimated
by a star of mass M ≥ 1.7 M. On the other hand, a star of mass M ≤ 1.4 would
give a reasonably good fit but underestimates the abundance of lead. The initial
masses of stars A and B are constrained by their observed surface gravity and
can vary in the range 0.7 − 0.8 M without producing significant difference in
the final results.
3.5.4 HD198269
The abundances of giant star HD198269 in Fig. 3.7 were determined by Vanture
(1992a,b) and Van Eck et al. (2003). In our analysis we use the abundances
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Figure 3.7: As Fig. 3.4 for HD198269. Filled circles and plus signs indicate the
abundances determined by Vanture (1992a,b) and Van Eck et al. (2003), respec-
tively.
determined by Van Eck et al. (2003), because these are obtained from spectra at
higher resolution, except for C, N, Pr, Eu that were determined only by Vanture
(1992a,b).
The model that best reproduces the observed abundances is a 1 M primary
star that transfers approximately 0.13 M (almost 50% of the total mass expelled)
to the secondary star. About half of this material is accreted from the wind and
the other half is transferred in a phase of stable Roche-lobe overflow that occurs
at the end of the AGB when the primary star has become less massive than its
companion. Our best fit is found with model set B. With our default model
set A the binary system does not lose angular momentum as efficiently and
thus needs to start with a shorter orbital period and a less massive primary star
(Pi = 1.2 × 103 days and M1,i = 0.9 M, respectively) to reproduce the observed
Porb. The secondary star does not experience Roche-lobe overflow and accretes
a smaller amount of material (∆Macc ≈ 0.06) and the fit is significantly worse
(χ2 = 32.4).
The abundance of zirconium determined by Van Eck et al. (2003) is too low
to be reconciled in our models with the larger enhancements of the heavy-s
elements and it is overestimated by about 0.6 dex. On the other hand, the
abundance [Zr/Fe] = 1.3 determined by Vanture (1992b) is consistent with our
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Figure 3.8: As Fig. 3.4 for HD201626.
predicted value within the declared observational error.
3.5.5 HD201626
The observed abundances of giant star HD201626 (Fig. 3.8) are best reproduced
with model set B by a model of a 2.6 M primary star that transfers about 0.2 M
to an initially 0.6 M companion star. The primary star loses about 1.45 M in
the wind before filling its Roche-lobe; subsequently, the binary system enters in
a common envelope of mass 0.4 M that is expelled with efficiency αCE = 1. The
model of relatively large primary mass with a large PMZ (MPMZ = 4 × 10−3) is
favoured by the highly enhanced abundance of lead ([Pb/Fe] = 2.6). However,
our best model overestimates the abundance of C+N by approximately 0.3 dex.
With model A the initial orbital separation is necessarily short to reproduce
the observed Porb. Consequently, the initial primary mass has to be small (M1,i =
0.9) to fit in the initial orbit (Pi = 420 days), the system enters in the common
envelope at the beginning of the AGB phase when little mass has been accreted
on to the secondary star and thus the abundances of most of the elements are
underestimated.
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Figure 3.9: Solid line and points: as Fig. 3.4 for HE0024 − 2523. Dahsed line: triple
system scenario.
3.5.6 HE0024-2523
The star HE0024− 2523 in Fig. 3.9 is characterised by a very short orbital period
of Porb = 3.14 days. The relatively high surface gravity, log10(g/cm s
−2) = 4.30,
indicates that the star is on the main sequence, as expected because otherwise
its radius would be larger than the orbital separation. The value of Porb suggests
that in the past the system experienced common-envelope ejection with very
low efficiency, αCE = 0.03 (with model set B), i.e. 30 times lower than the default
value used in our model. This low value of αCE is necessary because we need an
initially wide system to transfer a large amount of s-process enriched material
from the AGB to the secondary star. The primary star expels almost 0.4 M
of material in total, 60% of which is lost in the wind and 40% in the common
envelope (≈ 0.17 M). If we adopt the default value of αCE, a binary system
with a 1.1 M primary star needs to have an initial period of approximately
150 days to reproduce the observed period. As a consequence, the common-
envelope phase starts before the primary star ascends the AGB, thus no carbon
nor s-elements are produced and accreted.
A different interpretation is that the binary we see was part of a triple system
in the past in which the primary star evolved to the AGB phase and polluted its
two companions and later became a white dwarf. In one possible scenario of this
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kind, the 1.9 M primary star orbits at approximately 9.3×104 days around a close
binary system of period 100 days and masses M2 = 0.9 M and M3 = 0.59 M.
During the AGB phase of the primary, each star in the binary system accretes
approximately 0.2 M. As a result, the secondary evolves quickly off the main
sequence and during the first giant branch fills the Roche lobe and the binary
undergoes a common-envelope phase. At the orbital period of 100 days the
default value of αCE = 1 is sufficient to make the orbit shrink to a period of three
days. After the common-envelope phase the secondary has become a helium
white dwarf and the third star is the 0.8 M star that we observe today. This is
only one of the possible scenarios to explain the evolution invoking a triple-star
system, therefore the values of the masses that we find are only indicative and
are not well constrained.
The abundances of the light elements, barium and lanthanum are consistent
with the model of a 1.9 M star, which transferred material with high efficiency
(model set B). Sodium and strontium are difficult to reconcile with the large
abundances of the other elements: in particular, the observed [Na/Fe] = −0.12
is impossible to reproduce, because already after few thermal pulses even the
smallest amount of material accreted from an AGB star is sodium-enriched.
The abundance of lead is consistent with an AGB star of mass about 3M or,
alternatively, it would require that the accreted material is not mixed into the
secondary star. However, a model with inefficient thermohaline mixing re-
produces the abundance of lead but overestimates the abundances of all other
elements.
3.5.7 CEMP-s/r stars
Five stars in our sample are classified as CEMP-s/r, namely: CS22948 − 027,
CS29497−030, CS29497−034, HD224959 and LP625−44. In our nucleosynthesis
model the r-process is not included, hence the abundances of the observed r-
elements are expected to be underestimated in our models. Nevertheless, in
the equation of χ2 the observed r-elements are taken into account to investigate
if their inclusion influences the results of the fit and to understand if in some
circumstances their abundances can be reproduced. The CEMP-s/r stars in our
sample are also characterised by large enhancements of the heavy-s elements;
to reproduce these abundances massive primary stars and large PMZ masses
are favoured. As we discussed for star CS22942 − 019, a combination of (i)
wide initial separation, that prevents the primary star to fill its Roche lobe,
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Figure 3.10: Star CS22948−027. Solid line and points: as Fig. 3.4. In the best model
(with model set B) the secondary star accretes ∆Macc = 0.27 M. With model
set A (dashed line) the secondary star accretes ∆Macc = 0.12 M and therefore the
material is more strongly diluted.
(ii) efficient angular-momentum loss, so that the orbit shrinks in response to
mass loss, and (iii) large mass-accretion rate is necessary to reproduce the large
observed enhancements. The best fits of the observed abundances are therefore
found with model set B.
3.5.7.1 CS22948-027
Star CS22948 − 027 in Fig. 3.10 is modelled with a M1,i = 1.5 M primary star
that transfers 0.27 M to its 0.61 M companion star (Table 3.3). A more massive
primary star overproduces sodium, while a lower-mass primary star requires a
larger PMZ mass to reproduce the heavy-s elements and consequently sodium
and the light-s elements are overestimated. Model set A (dashed line) predicts
a maximum accreted mass ∆Macc = 0.12 M for a system with M1,i = 0.9 M and
M2,i = 0.81 M. The accreted material is mixed throughout the secondary star
and the abundance of almost every element is underestimated. Consequently,
χ2 ≈ 80.
The observed period is rather short, Pf = 426.5 days. In our model B the
binary system is initially wider (about 6,700 days), the primary star ascends the
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Figure 3.11: Star CS29497− 030. Solid line and points: as in Fig. 3.4. Dashed line: fit
obtained with the same assumptions of the best model but considering efficent
mixing of the accreted material.
AGB and loses about 70% of its envelope (approximately 0.56 M) in the wind.
Subsequently, when its residual envelope mass is about 0.22 M, the primary
star fills its Roche lobe and the system enters a common-envelope phase. The
ejection of the common envelope, modelled with αCE = 1, shrinks the system
to a period Porb = 370 days that reproduces the observed value within the
uncertainty of our grid.
The χ2 of the fit is dominated by the abundance of europium that is under-
estimated by 0.75 dex. If we exclude europium from the fit we find a best model
with the same initial parameters as in Table 3.3 but χ2 = 17.6, i.e. χ2ν ≈ 2.
3.5.7.2 CS29497-030
In Fig. 3.11 we show the abundances of CS29497 − 030. This star is strongly
enhanced in carbon and s-process elements and is part of a binary system with a
period of less than one year. The evolution of this system is similar to CS22948−
027: our model is initially wide, the primary star fills its Roche lobe towards the
end of the AGB and the systems enters in a common envelope, the ejection of
which shrinks the orbit to the observed period. The amounts of mass lost by
stellar winds and in the common envelope are 0.6 M and 0.25 M, respectively.
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The relatively large surface gravity of CS29497 − 030, log10(g/cm s−2) = 4.0,
indicates that it is still on the main sequence and therefore it has not yet under-
gone the first dredge-up. If we assume that other mixing mechanisms, such as
thermohaline mixing, are inefficient, we find the fit represented in Fig. 3.11 with
a solid line. Only by assuming inefficient mixing we are able to reproduce the
large enhancement of barium, lead and most of the r-process elements within
the observational uncertainty, but we overproduce carbon, sodium, the light-s
elements, lanthanum, cerium and neodymium.
The χ2 of the fit increases significantly (χ2 = 166.8) if we consider a model
that includes efficient thermohaline mixing (dashed line in Fig. 3.11). Although
this model reproduces reasonably well the abundances of C+N, strontium, zir-
conium and heavy-s elements, we fail to reproduce the eight elements between
europium and lead. Except for lead, which is off by less then 2σ, these elements
are mostly produced by the r-process. If we exclude the r-elements from the
calculation of the fit we find the same initial parameters as in the best model and
the reduced χ2 is still large (χ2ν = 7.4) because it is dominated by the discrepancy
in the abundance of sodium, which is overestimated by approximately 1 dex.
The mass of the primary is not tightly constrained. A model with M1,i =
1.2 M reduces the discrepancy with sodium and underestimates the abun-
dances of holmium, erbium and ytterbium without significant changes to the
quality of the fit, χ2 = 125.2.
3.5.7.3 CS29497-034 and the effect of reduced metallicity
In our best model of star CS29497 − 034 (solid line in Fig. 3.12) the discrepancy
in europium dominates the χ2, while all the other elements involved in AGB
nucleosynthesis are well reproduced. If we exclude europium from the fit
we find χ2 = 15.2, which corresponds to χ2ν = 1.7. However, although our best
model well matches the observations, the abundance of iron in star CS29497−034
corresponds to a metallicity of Z ≈ 2 × 10−5, which is five times lower than
the model value. The fact that we use a fixed metallicity to reproduce the
abundances in stars of different [Fe/H] constitutes an issue for many systems in
our sample, and we address it here because the metallicity of star CS29497− 034
is the most different from the metallicity we adopt in our models. Qualitatively,
because the 13C neutron source is a primary neutron source in AGB stars it is
reasonable to assume that the density of free neutrons produced in the intershell
is the same at metallicity Z = 2× 10−5 and Z = 10−4. Therefore, other conditions
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Figure 3.12: Solid line and points with error bars: as Fig. 3.4 for star CS29497− 034.
Dashed line: best model with metallicity Z = 2 × 10−5.
being equal, what we expect to see is:
(i) Elements produced by AGB nucleosynthesis are enhanced of a factor
0.7 dex, simply because [Fe/H] is a factor 0.7 dex lower. Consequently, the
same enhancement of carbon is produced by accreting less material from
the primary star.
(ii) The abundance of s-process elements is weighed towards the most neutron-
rich isotopes, because for the same density of free neutrons produced in
the intershell there are less iron seeds available for the neutron-capture
process and therefore a higher neutron-to-seed ratio. On top of the 0.7 dex
enhancement we expect that hs elements and Pb are relatively enhanced
compared to the case at [Fe/H] = −2.24.
If we adopt [Fe/H] = −2.96 in our model we reproduce the first of the two
effects, but not the second, because the neutron-to-seed ratio, and consequently
the amount of s-process elements that are produced in our modelled intershell
region, is determined by the mass of the star and by the mass of the PMZ at
[Fe/H] = −2.24. The dashed line in Fig. 3.12 shows the best fit with model
set B if we adopt the reduced metallicity. We find significantly different initial
parameters compared to the best model at Z = 10−4: initial masses and orbital
86
3.5 Results
period are, respectively, M1,i = 2.5 M, M2,i = 0.59 M, Pi = 3.9 × 104 days. The
amount of accreted material is the same, Macc = 0.28 M, but the mass of the
PMZ is smaller, MPMZ = 5× 10−4, because to reproduce the enhancements of the
s-process peaks fewer neutrons are required. However, the abundance of carbon
and magnesium is overestimated by at least 0.5 dex and sodium by almost 1
dex. With a larger PMZ this discrepancy increases. The χ2 of this model is
χ2 = 65. If we assume the same initial parameters of our best fit in the model
with Z = 2× 10−5, we overestimate the abundance of all the s-process because at
masses below approximately 2 M some s-process elements are produced in the
intershell regardless of the mass of the PMZ due to the occurrence of episodes of
proton ingestion. Therefore in our reduced-metallicity model we need to assume
a relatively massive primary star with a small PMZ to reproduce the s-process
elements. However, a massive primary also produces an excess of carbon,
sodium and magnesium. In summary, the reduced-metallicity model fails to
reproduce simultaneously all the observed elements and this suggests that the
intershell composition of AGB stars at [Fe/H] ≈ −3 may be very different.
3.5.7.4 HD224959
We adopt the abundances of star HD224959 (Fig. 3.13) published by Van Eck
et al. (2003) and Masseron et al. (2010), that include 14 elements from carbon to
lead and are consistent within the observational errors. Vanture (1992a,b) reports
abundances of carbon, nitrogen, and iron that are respectively 0.4, 0.5 and 0.6
dex larger, while the abundances relative to iron of lanthanum, cerium and
neodymium are consistent with the more recent results within the observational
uncertainties.
HD224959 is a giant star characterised by large enhancements of the most
neutron-rich elements, [hs/Fe] ≈ 2, and particularly lead, [Pb/Fe] = 3.11. To
reproduce the observed abundances in our best model the 1.2 M primary star
transfers to the companion a mass of ∆Macc = 0.34 M, that is ≈ 66% of the
total mass expelled. Approximately 0.24 M is accreted from the stellar wind of
the primary star, while 0.1 M is transferred very efficiently in a phase of stable
Roche-lobe overflow that occurs when the orbit has shrunk to roughly 1800 days
and the primary star has become less massive than its companion (M1 = 0.78 M
and M2 = 0.86 M).
Despite the large ∆Macc the abundance of lead is underestimated by 0.3
dex while the abundance of carbon and zirconium are overestimated by almost
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Figure 3.13: As in Fig. 3.4 for star HD224959. Plus signs: abundances determined
by Van Eck et al. (2003) and Masseron et al. (2010). Filled circles: abundances
determined by Vanture (1992a,b).
0.6 dex. If we adopt the abundances of carbon and nitrogen determined by
Vanture (1992a) the difference between the observed and modelled abundance
of C+N is reproduced within the uncertainty. Similarly to star CS22948−027 the
abundance of europium is underestimated by ≈ 0.7 dex and this discrepancy
dominates the χ2, whereas if we exclude europium from the fit we find χ2ν = 2.6.
3.5.7.5 LP625-44
Similarly to other CEMP-s/r stars, in our model of star LP625 − 44 (Fig. 3.14)
we cannot reconcile the mild enhancements of the light-s elements ([ls/Fe] ≈ 1.2
dex) with the very large abundance of the heavy-s elements ([hs/Fe] ≈ 2.6 dex).
For this reason, even if we exclude the r-elements from the calculation of χ2 we
do not reproduce the observed abundances and consequently χ2 = 142.3 and
χ2ν = 15.8.
The observed period does not constitute a limit for our models because
it is quite long (& 12 years), and we are able to reproduce it regardless of the
assumptions on the efficiency of the angular momentum loss. If we consider that
the measured value of Porb is in fact a lower limit and we release the constraint
on the period of our models we find a slightly better fit (χ2 = 173, χ2ν = 9.6)
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Figure 3.14: As in Fig. 3.4 for star LP625 − 44.
with both our model sets. However, the discrepancy in the abundances of the
s-elements remains unsolved.
3.5.8 CS22956-028, CS29509-027 and HE0507-1430
The stars CS22956 − 028, CS29509 − 027 and HE0507 − 1430 (Figs. 3.15–3.17)
have available abundances of only a few elements and therefore do not provide
strong constraints on our models. CS22956 − 028 in Fig. 3.15 is not a CEMP-s
star according to our definition, because [Ba/Fe] ≈ 0.4, but it shows a significant
enhancement of strontium. The relatively high surface gravity, log10(g/cm s
−2) =
3.90, implies that the star has not yet become a giant. In our best model C, O, Mg
and Sr can be well reproduced by a model in which the accreted material remains
on the surface without being mixed. For comparison, in Fig. 3.15 we show the
results of our best model that assumes efficient thermohaline mixing (dashed
line), which is computed with the same primary mass and orbital separation but
a slightly smaller secondary, M2,i = 0.79 M. The fit is poor, χ2 = 51.8, and we are
not able to reproduce the abundance of any element except magnesium. None
of our models is able to reconcile the large abundance of strontium with the
low abundance of barium; models of massive AGB stars overproduce strontium
relative to barium (up to [Sr/Ba] = 0.6, whereas the observed value is 1.0) but
they predict abundances of oxygen and magnesium larger than the observed.
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Figure 3.15: Star CS22956 − 028. Solid line and points: same as in Fig. 3.4. Dashed
line: model with efficient thermohaline mixing.
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Figure 3.16: As Fig. 3.4 for star CS29509 − 027.
Frischknecht et al. (2012) show that rotating massive stars (M∗ = 25 M) may
produce up to [Sr/Ba] ≈ 2 and [Pb/Sr] . −1. A measurement of the abundance
of lead (and also other elements such as nitrogen and oxygen) will therefore
provide stronger constrains to the models.
The best model of star CS29509−027 in Fig. 3.16 reproduces reasonably well
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Figure 3.17: As Fig. 3.4 for star HE0507 − 1430.
the abundances of the observed C, O, Sr and Ba, but the value of χ2 is rather
large because the observational errors are small and hence even a small difference
between the modelled and observed value (e.g.: [Sr/Fe]obs − [Sr/Fe]mod = 0.2
dex) increases χ2 significantly. The short orbital period implies that the system
has experienced a common-envelope phase. With model sets A and B we find
that the binary system enters a common envelope of mass ≈ 0.6 M when the
primary star has already lost about 1.5 M in the wind and the secondary star
has reached a mass of 0.79 M and 0.78 M, respectively.
HE0507− 1430 in Fig. 3.17 is enriched in carbon, nitrogen and oxygen with a
mild enhancement of barium ([Ba/Fe] = 1.3). With model set B a 1.8 MAGB star
transfers 0.28 M of material to the secondary star, i.e. approximately 33% of the
mass ejected by the wind, before a common envelope of mass 0.25 M is formed,
mass transfer is interrupted and the orbit shrinks to the observed period. Our
best model reproduces carbon and nitrogen, while the abundance of barium is
overestimated by almost 0.5 dex. On the other hand, with the model set A the
accreted mass is smaller (∆Macc = 0.12 M) and therefore it is more strongly
diluted in the envelope by the first dredge-up. Consequently the abundances
of carbon, nitrogen and oxygen are underestimated by approximately 1 dex. In
our models the combination of large carbon abundance ([C/Fe] > 2) and mild
barium enhancement ([Ba/Fe] ≈ 1) cannot be reproduced even if we assume
MPMZ = 0 M. Intermediate-mass stars (M∗ ≈ 4−5 M) produce little barium but
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also convert large amounts of carbon to nitrogen because of hot-bottom burning,
therefore we would expect [N/C] & 1, in contrast with the observations ([N/C] =
−0.9). However, the abundances of star HE0507 − 1430 were determined by
Beers et al. (2007) from medium-resolution spectra and new observations at
higher resolution of a larger set of elements would improve our understanding
of the evolution history of this binary system.
3.6 Discussion
In this paper we analyse a sample of 15 observed CEMP-s binary stars with the
aim to reproduce the observed abundances and orbital periods with our model
of binary evolution and nucleosynthesis.
3.6.1 Constraints on mass transfer and binary evolution
Our model set B (with enhanced Bondi-Hoyle-Lyttleton wind-accretion effi-
ciency and efficient orbital angular momentum loss) provides the best fit of the
observed abundances in ten stars and predicts results very similar to the best
fit in four out of the other five systems. This model set is not necessarily real-
istic because we assume an arbitrarily high efficiency of wind mass accretion.
However, these results indicate that the accretion on the secondary star of large
amounts of material is necessary in at least ten stars of our sample, otherwise we
find a poor fit to the observations. Eight of these stars have low surface gravity,
which implies that they evolved off the main sequence and have undergone the
first dredge-up. Consequently, the accreted material is diluted throughout the
envelope of the recipient star, regardless of our assumptions about the efficiency
of thermohaline mixing. Large amounts of transferred mass are therefore re-
quired to reduce the dilution and reproduce the large enhancements of carbon
and s-elements.
Our model set A (with WRLOF wind-accretion efficiency and spherically
symmetric wind) is disfavoured by the requirement of large amounts of mass
accretion combined with the constraint on the orbital period. Because with a
spherically symmetric wind the orbit typically expands in response to mass loss,
the modelled binary stars need to be initially close. For orbital periods shorter
than a few thousand days even a low-mass primary star transfers a small amount
of material to the companion in our WRLOF model. Consequently, with model
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set A only stars BD+04◦2466 and CS22964−161A,B are well reproduced because
the orbital periods are long and the observed carbon and s-elements are not
strongly enhanced. In the future more realistic models of wind mass transfer
are required to take into account more accurately the accretion process in close
binary stars.
In six systems, CS22948 − 027, CS29497 − 030, CS29509 − 027, HD201626,
HE0024− 2523 and HE0507− 1430, a phase of common envelope is necessary to
shrink the orbit to the observed period (assuming model set B). The best models
of five of these systems adopt the default common-envelope efficiency αCE = 1.
Star HE0024 − 2523 has an observed period of 3 days that can be reproduced
only by assuming a very inefficient ejection process, αCE = 0.03. An alternative
interpretation is that HE0024 − 2523 was initially part of a hierarchical triple
system in which an intermediate-mass primary star was in a wide orbit around
two low-mass stars in a close binary. In this scenario the inner binary enters
in a common envelope after being polluted by the primary star and therefore
to reproduce the observed period an inefficient process of common-envelope
ejection is not necessary. In summary, the αCE parameter is not well constrained
and we do not find strong evidence to reject the default value αCE = 1.
3.6.2 Comparison between modelled and observed abundances
In some systems our model predictions do not reproduce the observations even
when we adopt a fine-tuned model of wind mass transfer. In CS29497− 030, for
example, the observed abundance of sodium is low compared to the predictions.
Sodium is produced in the intershell region by proton capture on neon seeds,
therefore the sodium abundance grows very rapidly with increasing PMZ mass
(see also the discussion about 23Na in K10 and Lugaro et al., 2012, and references
therein). A better match would generally require a smaller mass of the PMZ,
but this is hard to reconcile with the large enhancements of s-elements that need
a massive PMZ to be reproduced. The abundances of sodium in low-metallicity
stars show a large dispersion which is difficult to reproduce in galactic chemical
evolution models (Kobayashi et al., 2011). However, our AGB models of mass
above ≈ 1.2 M produce large amounts of sodium and a factor of ten difference
in its initial abundance accounts for no more than 0.1 dex in the final [Na/Fe].
Therefore we consider it more likely that the discrepancy in sodium is related
to the large uncertainties in the numerical treatment of the PMZ in the detailed
models (e.g., Goriely & Mowlavi, 2000b; Lugaro et al., 2004).
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This issue illustrates the general problem of reproducing element-to-element
ratios, more specifically that in some systems a large value of MPMZ is necessary
to match one element whereas a smaller MPMZ is sufficient to reproduce an
other element. In CS29497 − 030 our best model has MPMZ = 2 × 10−3 M
and we find a good match with the observed abundances of carbon, light-s
and heavy-s elements, whereas we need to take a larger MPMZ for a better
fit of lead and a smaller MPMZ to reproduce sodium. The problem is even
more striking in LP625 − 44, in which all the elements in the heavy-s peak are
underestimated and would need a larger MPMZ (or a larger M1) to be reproduced,
whereas light elements, light-s elements and lead are well reproduced, and with
a larger MPMZ or M1 they would be overestimated. This suggests that our
simple parameterisation of the PMZ possibly ignores some important aspects
of the physics involved in the problem. For example, the mass of our PMZ
stays constant during the evolution of the AGB. In the neutron-capture process
the s-element peaks are filled progressively in time: in the first few thermal
pulses the star produces mostly light-s elements while in later thermal pulses the
distribution is weighed more towards neutron-rich nuclei. A time-dependent
MPMZ could modify the final light-s to heavy-s ratios. For example, a PMZ
that increases in time may be able to produce larger [hs/ls] and [Pb/hs] ratios.
Values of [hs/ls] above 1 dex are observed in most CEMP-s/r stars and are
currently impossible to reproduce in our models, as we will discuss in Paper II.
On the other hand, a small PMZ in the last few pulses would probably enhance
the light-s peak compared to the heavy-s peak and lead, as observed e.g. in
CS22956− 028. However, an alternative interpretation is that this star may have
been polluted by a rotating massive star. The abundances of other elements,
particularly nitrogen, oxygen and lead, are necessary to test this hypothesis.
The abundance of oxygen does not vary by more than approximately 1 dex
in the models of low-mass AGB stars and the models typically underestimate
the observations. This discrepancy may indicate that some oxygen is mixed
to the surface by the third dredge-up or that the initial abundance of oxygen
adopted in our models is low compared to the average value observed in our
sample of very metal-poor stars, as we will discuss in Paper II.
In stars CS29497 − 030 and CS22964 − 161A,B the observed abundances are
generally well reproduced, but yttrium is several tenths of a dex lower than
strontium and zirconium. Such a distribution of strontium, yttrium and zirco-
nium is observed in other CEMP-s stars, as we will discuss in Paper II, but it
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is not replicable by our models because these elements are always produced in
comparable amounts. The observed abundance of zirconium is low compared
to the models of the stars HD198269, HD201626 and HD224959. This discrep-
ancy may be related with a systematic effect in the observations by Van Eck
et al. (2003), because previous measurements from spectra at lower resolution
by Vanture (1992b) are consistent with the models.
3.6.3 Abundances in CEMP-s/r stars
The CEMP-s/r stars in our sample, CS22948−027, CS29497−030, CS29497−034,
HD224959 and LP625 − 44, show highly enriched abundances of elements that
are mostly produced in the r-process, such as europium. These elements are
generally not reproduced by our binary nucleosynthesis models. The origin of
the r-element enrichment in CEMP-s stars is an open issue and several explana-
tions have been proposed (see Jonsell et al., 2006). One suggestion is that the
composition of the cloud where these stars were formed was initially enriched in
r-elements due to the nearby explosion of one or more type II supernovae. How-
ever, this interpretation does not explain the correlation observed in metal-poor
stars between the abundances of barium and europium, which suggests that the
r- and s-enrichment are not independent. Recently, Lugaro et al. (2009) proposed
a scenario in which the r-elements are produced in AGB stars at Z < 10−5. This
scenario is based on stellar models showing that at extremely low metallicity
protons are sometimes ingested in the helium-flash convective zone with the
consequent production of large densities of free neutrons (see e.g. Campbell
& Lattanzio, 2008). The difficulty in reproducing the observed abundances of
elements with strong r-components may indicate that in certain circumstances
the models should produce larger neutron densities.
3.6.4 The effect of fixed model metallicity
The fact that we use a model tailored for [Fe/H] = −2.24 to investigate stars of
different iron abundances is an issue for all the stars in our sample. Adopting
a fixed metallicity for all our systems we implicitly ignore the effects due to
the different [Fe/H]. This approximation likely introduces increasingly bigger
errors the larger the difference in [Fe/H]. Qualitatively, we expect the choice
of a lower metallicity to result in two effects: an increase in the abundances of
carbon and all the elements produced by AGB nucleosynthesis and relatively
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larger abundances of neutron-rich isotopes. Therefore, if we vary Z in our
models, all other options being equal, we reproduce the first of the two effects
but not the second. On the other hand, if we vary Z in our model we need to
assume that AGB nucleosynthesis does not change for such a variation. It is
arguable which of the two options is the best: to adopt the same metallicity for
all observed systems or to vary it in proportion to the observed [Fe/H]. In this
study we preferred the first option because we are more confident of the results
of our code at the fixed metallicity Z = 10−4, but it is very important to keep in
mind the limitations that derive from this choice. For example, the distribution
of s-elements observed in star HE0024 − 2523 can be qualitatively explained
by the difference in metallicity between the observed star (Z ≈ 4 × 10−5) and
our models (Z = 10−4). However, star CS22942-019 has almost the same iron
abundance ([Fe/H] = −2.69) but we find a good match between our best model
and the observations.
3.6.5 The effect of non-convective mixing in dwarf CEMP stars
Five stars in our sample have high surface gravities and therefore have not yet
experienced the first dredge-up. The mixing mechanisms that can modify the
surface abundances in these stars are not well understood and many counteract-
ing effects potentially play a role: thermohaline mixing, gravitational settling,
radiative levitation and rotation. In our models we simulate two opposite sit-
uations: our default option is that the accreted material is diluted throughout
the entire star. Alternatively, the mixing is inefficient and the material remains
on the surface until mixed in by convection. The choice of inefficient mixing
improves the fit of two stars, CS22956 − 028 and CS29497 − 030. However, the
fit of star CS22956 − 028 is based on only five elements while CS29497 − 030 is
a CEMP-s/r star and the χ2 of the fit is dominated by the large abundance of
seven elements mainly produced by the r-process. A fit that includes efficient
thermohaline mixing reproduces the s-process elements much better.
3.7 Conclusions
This study shows that the requirement to reproduce at the same time the chem-
ical abundances and orbital periods observed in our sample of 15 CEMP-s bi-
nary stars put strong constraints on the adopted binary evolution model. It is
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generally necessary that the modelled binary systems lose efficiently angular
momentum and transfer mass with high accretion efficiency. In particular, bi-
nary systems with orbital periods below a few thousand days need to transfer
mass more efficiently than normally assumed in our models. In a forthcoming
paper we will analyse a larger sample of CEMP-s stars without measured orbital
periods. The comparison between the modelled periods determined in the two
studies will have implications for our model of the wind mass-transfer process.
When the condition of strong mass transfer is fulfilled the discrepancies
between synthetic and observed abundances arise from the model of AGB nu-
cleosynthesis. In about half of the systems the observed element-to-element
ratios are not reproduced. In particular, to match the large enhancements of the
heavy-s elements in CEMP-s/r stars our models produce an excess of carbon,
sodium, magnesium and light-s elements. This discrepancy and the fact that
the abundances of the r-process elements are mostly underestimated suggest
that in our model larger densities of free neutrons should be produced in some
circumstances, because a larger neutron-to-iron ratio would favour neutron-rich
elements.
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Abstract
Many of the carbon-enhanced metal-poor (CEMP) stars that we observe
in the Galactic halo are found in binary systems and show enhanced
abundances of elements produced by the slow neutron-capture process (s-
elements). The origin of the peculiar chemical abundances of these CEMP-s
stars is believed to be accretion in the past of enriched material from a pri-
mary star in the asymptotic giant branch (AGB) phase of the evolution.
We investigate the mechanism of mass transfer and the process of nucle-
osynthesis in low-metallicity AGB stars by modelling the binary systems
in which the observed CEMP-s stars were formed. For this purpose we
compare a sample of 66 CEMP-s stars with a grid of binary stars generated
by our binary evolution and nucleosynthesis model. We classify our sample
CEMP-s stars in three groups based on the observed abundance of europium:
in CEMP-s/r stars the ratio of europium to iron is at least ten times as large
as in the Sun, in CEMP-s/nr stars the ratio of europium to iron is normal
whereas no measurement of europium is currently available for CEMP-
s/ur stars. On average our models reproduce well the abundances observed
in CEMP-s/nr stars, whereas in CEMP-s/r stars and CEMP-s/ur stars
the abundance of the light-s elements (strontium, yttrium, zirconium) is
systematically overpredicted by our models and in CEMP-r/s stars the
abundance of the heavy-s elements (barium, lanthanum) is underestimated.
In all stars our modelled abundances of sodium overestimates the observa-
tions. This discrepancy is reduced only in models that underestimate the
abundances of most of the s-elements. Furthermore, the abundance of lead
is underpredicted in most of our modelled stars. These results point to the
limitations of our AGB nucleosynthesis model, particularly in the predic-
tions for the element-to-element ratios. Our models predict that CEMP-s
stars typically form in wide systems with period above 10,000 days, while
most of the observed CEMP-s stars are found in relatively close orbits with
period below 5,000 days. This evidence suggests that either the sample
of CEMP-s binary stars with known orbital parameters is biased towards
short periods or that our wind mass-transfer model needs to accrete mass
more efficiently in close orbits.
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4.1 Introduction
The very metal-poor stars observed in the Galactic halo are of low mass and
exhibit abundances of iron of approximately [Fe/H]. −2.0. Very metal-poor
stars carry the fingerprints of the early stages of evolution of the Milky Way
and therefore have been extensively studied by different surveys in the past two
decades, with particular focus on chemically peculiar stars (e.g.: Beers et al.,
1992; Christlieb et al., 2001; Frebel et al., 2006; Yanny et al., 2009). Among these,
carbon-enhanced metal-poor (CEMP) stars are very metal-poor stars enriched
in carbon. The fraction of CEMP stars in the halo varies between 9% and 25%
and increases with increasing galactic latitude and with decreasing metallicity
(Marsteller et al., 2005; Cohen et al., 2005; Frebel et al., 2006; Lucatello et al., 2006;
Lee et al., 2013; Yong et al., 2013a).
In the literature CEMP stars are generally defined by the carbon excess
[C/Fe] > 1.0 and are classified in groups according to the observed abundances
of barium and europium, two heavy elements produced by the slow (s-) and
the rapid (r-) neutron-capture process, respectively. The exact definitions vary
between different authors (e.g. Beers & Christlieb, 2005; Jonsell et al., 2006; Aoki
et al., 2007; Masseron et al., 2010) and in this work we adopt the following
classification scheme:
i. CEMP-s stars are CEMP stars that satisfy the criteria [Ba/Fe] > 0.5 and
[Ba/Eu] > 0;
ii. CEMP-s/r stars are CEMP-s stars enriched in europium, i.e. [Eu/Fe] > 1;
iii. Only one CEMP-r star is currently known that exhibits [Eu/Fe] > 1 and
[Ba/Eu] < 0 (Sneden et al., 2003a);
iv. CEMP-no stars do not exhibit enhanced abundance of barium, i.e.
[Ba/Fe] < 0.5.
It has been suggested that CEMP stars owe their abundances to mass transfer
of carbon-rich material in the past from a thermally-pulsing asymptotic giant
branch (TP-AGB) primary star that today is an unseen white dwarf (e.g. Waller-
stein & Knapp, 1998; Preston & Sneden, 2001; Beers & Christlieb, 2005; Ryan
et al., 2005).
In this work we focus on CEMP-s stars, for which there are stronger ar-
guments in favour of the binary mass-transfer scenario. Qualitatively, in this
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scenario the primary star evolves to the AGB phase, produces carbon and heavy
elements and subsequently transfers part of this material by wind mass transfer
to the low-mass companion star, the star observed today. A quantitative model
of this process depends on many aspects of stellar evolution, AGB nucleosyn-
thesis and binary interaction that are not well understood. In AGB stars many
uncertainties are related to the physics of mixing, which determines the stellar
structure and chemical composition and which in turn influence the radius of
the star, and hence its luminosity and mass loss rate (Herwig, 2005; Constantino
et al., 2014; Fishlock et al., 2014). The material that is expelled by the AGB star
carries away angular momentum from the system and its fate depends on the
mass transfer mechanism. Therefore the study of CEMP-s stars provides us with
a powerful tool to improve our understanding of AGB nucleosynthesis at low
metallicity and of the mass-transfer process in binary systems.
In our previous paper (Abate et. al, submitted, Paper I hereinafter) we anal-
yse a sample of 15 CEMP binary stars with known orbital periods: through
the comparison with the observed abundances while matching the measured
periods we put new constraints on our models of binary stellar evolution and
AGB nucleosynthesis. In most of the systems a combination of large mass ac-
cretion and efficient angular momentum loss is necessary to reproduce at the
same time the observed chemical abundances and orbital periods. About half
of the stars of the sample are not accurately reproduced by any of our mod-
els, regardless of the assumptions made about the dynamical evolution of the
systems, and this points to the limitations in our AGB nucleosynthesis model,
particularly on the maximum abundances of the heavy s-process elements and
on the element-to-element ratios that are produced.
In this work we extend the analysis of Paper I to a larger sample of 66 CEMP-s
stars that includes systems without information about the orbital period. We
model a grid of about 400,000 binary stars with different masses and separations
and we compare the modelled abundances with the observations. For each
star in the sample we determine the model star that best matches the observed
abundances, with the same procedure of χ2 minimization followed in Paper I.
In every star for each observed element we compute the residual as the differ-
ence between the observed and the modelled abundance and subsequently we
analyse the distributions of the residuals for every element individually. The
purpose of this analysis is to investigate if statistically our model reproduces
the observations, even though discrepancies may occur for some elements in
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individual stars, and thus to test our models with a study complementary to
that of Paper I.
The paper is organised as follows. In Sect. 4.2 we describe our observational
sample, and in Sect. 4.3 we present our model of binary stellar evolution and
nucleosynthesis. In Sect. 4.4 we discuss the set of initial abundances adopted
in our model. In Sect. 4.5 we present the results of the analysis of our sample
CEMP-s stars, we compare the modelled and observed abundances of every
element individually and we discuss the distribution of the residuals. In Sect.
4.6 we investigate the confidence limits on the initial parameters of our best fits
and we study the distribution of these parameters. In Sect. 4.7 we discuss our
results while Sect. 4.8 concludes.
4.2 Data sample
Our database of observed very metal-poor stars is based on 580 stars catalogued
in the SAGA observational database (Suda et al., 2008, 2011, last updated in
August 2012) with iron abundance −2.8 ≤ [Fe/H] ≤ −1.8. Among these objects
we select the stars with observed abundances of carbon and barium and we
ignore stars with only upper or lower limits. In some stars measurements of
element abundances or stellar parameters are available from multiple sources.
In most cases the measurements are consistent within the observational uncer-
tainties and for the purpose of our study we use the arithmetic mean of the
logarithm of the observed abundances and we adopt the largest observed error
as the uncertainty on the measure. In case two measurements differ by more
than the declared observational uncertainty and there is no obvious criterium
to prefer one value, we compute the average and we adopt as the uncertainty
half the difference between the two values. To this sample we add four CEMP
stars studied by Masseron et al. (2010) with metallicity in the above range that
were not present in the SAGA databse.
These selection leaves us with a sample of 377 very metal-poor stars, 66
of which are classified as CEMP-s stars, 8 as CEMP-no stars, 46 are CEMP stars
with no information about the abundances of other elements, and the remaining
257 are carbon-normal very metal-poor stars. In Fig. 4.1 we show the carbon
abundances of the stars in our observed sample as a function of [Fe/H]. CEMP-
no stars are indicated as grey triangles. The dotted line represents the threshold
carbon abundance [C/Fe] = 1 above which the stars are defined CEMP stars.
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Figure 4.1: [C/Fe] vs [Fe/H] for the stars in our observed sample. Plus signs (+)
are carbon-normal very metal-poor stars; CEMP-s stars are classified in three
groups according to the abundance of europium, as described in the text: CEMP-
s/nr stars (•), CEMP-s/ur stars (×) and CEMP-s/r stars (). Grey triangles (N)
and dots (•) are CEMP-no stars and CEMP stars without measured abundances of
heavy elements, respectively. The dotted line indicates the threshold [C/Fe] = 1.
We classify CEMP-s stars in three groups based on the abundance of europium:
• In CEMP-s/r stars the abundance of europium is enhanced, [Eu/Fe] > 1
(open squares).
• In CEMP-s/nr stars the abundance of europium is “normal”, [Eu/Fe] ≤ 1
(filled circles).
• In CEMP-s/ur stars the abundance of europium has not been determined
(u stands for unknown, crosses).
Table 4.2 summarises the surface gravities, temperatures, and abundances of
iron, carbon, barium and europium (when available) of the 66 CEMP-s stars
in our observed sample. For three stars in which barium is not observed and
lanthanum is enhanced (HD13826, HD198269 and HD201626) the abundance of
lanthanum is listed.
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4.3 Models of binary evolution and
nucleosynthesis
As in Paper I, in this study we use the code binary_c/nucsyn that couples
algorithms to compute the evolution of stars in binary systems with a model
of stellar nucleosynthesis. The details of our code and the prescriptions used
for the binary stellar evolution and nucleosynthesis are extensively discussed
by Izzard et al. (2004, 2006, 2009). Our default input physics is the same as in
Paper I and we refer to this for a more complete description. In this section
we summarise some important parameters adopted in our model, related to
the wind mass-transfer process and the nucleosynthesis in the AGB phase (Sect.
4.3.1 and 4.3.2), and we describe the basic characteristics of our grid of model
stars (Sect. 4.3.3).
4.3.1 Wind-accretion rate and angular momentum loss
In this work we compare the results derived with three different model sets based
on different assumptions about the wind-accretion rate and the mechanism of
angular momentum loss. The model sets are listed in Table 4.1. Model sets A
and B are the same as in Paper I. In our default model set A we calculate the
wind-accretion rate according to the prescription for wind Roche-lobe overflow
(WRLOF) with a dependence on the mass ratio, as presented by Abate et al.
(2013, Eq. 9). We compute the angular momentum carried away by the wind
material assuming a spherically symmetric wind (Eq. 4 of Abate et al., 2013). The
results of Paper I show that a mechanism of wind accretion that is much more
efficient at relatively short separations is necessary to reproduce the abundances
observed in two thirds of the analysed CEMP-s stars. To take this into account, in
model set B we adopt the Bondi-Hoyle-Lyttleton (BHL) prescription as in Eq. (6)
of Boffin & Jorissen (1988) with αBHL = 10 (instead of 1 ≤ αBHL ≤ 2) to simulate
a very efficient mass-transfer process. Model set B also adopts a prescription
of efficient angular momentum loss, in which the material lost from the binary
system carries away a multiple γ = 2 of the average specific orbital angular
momentum (as in Eq. 2 of Izzard et al., 2010, and Eq. 10 of Abate et al., 2013).
Model set C combines the WRLOF accretion rate as in model set A with the
efficient angular momentum loss as in model set B. In the analysis performed
by Abate et al. (2013) this is the model set that predicts the largest fraction of
CEMP stars.
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4.3.2 AGB nucleosynthesis
We refer to the review papers by Busso et al. (1999) and Herwig (2005) for a
description of the nucleosynthesis process in the interior of AGB stars, the role
of the 13C pocket at the top of the intershell region as a source of free neutrons for
the production of slow neutron-capture elements (s-elements) in low-mass AGB
stars and the effect of the third dredge-up process (TDU hereinafter) that mixes
the products of internal nucleosynthesis to the stellar surface. In the models of
Karakas (2010) a 13C-pocket is created by including a partial mixing zone (PMZ)
at the deepest extent of each TDU, where protons are mixed in the intershell
region and subsequently captured by the 12C nuclei to form a layer rich in 13C.
The mass of the PMZ is a free parameter in the models and Lugaro et al. (2012)
study the effects of different masses of the PMZ on the surface abundances in
AGB stars with different initial masses.
We describe in Paper I how in our models the amount of material dredged-
up from the intershell region is determined in order to reproduce the evolution
predicted in the detailed models of Karakas (2010) and Lugaro et al. (2012). The
chemical composition of the intershell region is saved in a table as a function of
three parameters: the mass of the star at the beginning of the TP-AGB phase, the
thermal pulse number and the mass of the PMZ, MPMZ. The surface abundances
of an AGB star of mass M∗ evolve in time and are recalculated at every TDU,
when material with the chemical composition of the intershell region taken from
our table is mixed into the convective envelope.
4.3.3 Grid of models
Our simulations are based on the same grid of models as in Paper I, with N
binary-evolution models distributed in the M1 −M2 − log10 a−MPMZ parameter
space, where M1, 2 are the initial masses of the primary and secondary stars,
respectively, a is the initial separation of the system and MPMZ is the mass of the
partial mixing zone of any star of the binary system that becomes an AGB star.
The grid resolution N = NM1 × NM2 × Na × NPMZ, where we choose NM1 = 34,
NM2 = 28, Na = 30 and NPMZ = 10. The initial parameters are chosen as follows:
• M1 varies in the range [0.9, 6.0] M. The grid spacing is ∆M1,i = 0.1 M up
to 3 M and ∆M1,i = 0.25 M otherwise.
• M2 is equally spaced in the range [0.2, 0.9] M and by definition M2,i ≤M1,i.
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Table 4.1: Models of the wind-accretion efficiency and angular momentum loss
used in this study.
Model set wind accretion angular momentum
efficiency loss
A WRLOF spherically symmetric wind
B BHL, αBHL = 10 ∆J/J = γ (∆M/M) , γ = 2
C WRLOF ∆J/J = γ (∆M/M) , γ = 2
Notes: Our WRLOF model is calculated with Eq. (9) of Abate et al. (2013).
The BHL model is computed with Eq. (6) of Boffin & Jorissen (1988). Angular
momentum loss due to wind ejection is computed alternatively with Eq. (4) of
Abate et al. (2013) for a spherically symmetric wind or with γ = 2 in Eq. (2) of
Izzard et al. (2010) and Eq. (10) of Abate et al. (2013).
• a varies between 102 R and 105 R. The distribution of separations is flat
in log10 a. In the mass range considered here, stars at wider separation do
not interact in our models. The eccentricity is always zero.
• When M1,i < 3 M we adopt 10 different values for MPMZ, namely 0, 10−4,
2×10−4, 5×10−4, 6.66×10−4, 10−3, 1.5×10−3, 2×10−3, 3×10−3, 4×10−3 M.
MPMZ is zero otherwise, in accordance with the detailed models of AGB
nucleosynthesis of Karakas (2010).
All stars in our grid are formed in binary systems. In reality single or
binary stars in wider orbits may exist. We simulated a population of 200 single
stars with masses uniformly spaced in the range [0.4, 1.0] M and MPMZ chosen
among the values listed above to find whether a single star model reproduces
the abundances observed in the stars of our sample.
In our model we assume the same metallicity as in the detailed models of
Lugaro et al. (2012), Z = 10−4, that corresponds approximately to [Fe/H] ≈ −2.3.
As initial chemical composition of the stars in our grid we adopt the abundances
predicted in the galactic chemical-evolution models of Kobayashi et al. (2011) at
[Fe/H] = −2.3. Their results extend up to 76Ge and for heavier isotopes we adopt
the solar abundance distribution derived by Asplund et al. (2009) scaled down
to metallicity Z = 10−4. In the next section we discuss how representative our
set of initial abundances is of the chemical composition of the very metal-poor
stars in our sample.
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4.4 Comparison of the model initial abundances with
carbon-normal metal-poor stars
In this section we focus on the 257 “carbon-normal” very metal-poor stars in
our sample, i.e. with [C/Fe] < 1, called C-normal stars hereinafter. Our purpose
is to compare the set of initial abundances adopted in our models with the
abundances observed in stars that have not changed their surface composition
and find discrepancies that are relevant to our study of the chemical composition
of CEMP-s stars.
Our sample of C-normal stars show no evidence of duplicity, hence we do
not expect that the observed abundances were polluted in the past by a bi-
nary companion. A subsample of 50 C-normal stars show large surface gravity,
log10(g/cm s
−2) ≥ 4.0. These stars are still on the main sequence and hence have
not brought products of internal nucleosynthesis to the surface. We therefore ex-
pect the abundances in C-normal dwarf stars to follow the distribution predicted
by models of Galactic chemical evolution at metallicity Z ≈ 10−4, although some
abundance variations may be introduced by internal mixing processes, such as
rotational mixing, gravitational settling of heavy nuclei or thermohaline mixing.
The only significant change in the surface abundances of stars with smaller log g
is because of the first dredge-up that reduces the carbon-to-nitrogen ratio but
leaves essentially unaltered the abundances of the other elements. Hence, all
C-normal stars in our sample are expected to have evolved as single stars with
no peculiar history of stellar nucleosynthesis and to show approximately the
surface abundances predicted by chemical evolution models.
In Fig. 4.2 we show the initial abundances adopted in our models (solid
line) and the abundances observed in the C-normal stars. For every observed
element we compute the mean of the logarithm abundance relative to iron,
[El/Fe] (filled circles and plus signs). Only elements observed in more than one
star are shown. Elements observed in fewer than seven stars are plotted with
dashed bars, which connect the minimum and the maximum measured value.
The solid bars are determined as follows: for an element observed in N stars,
we calculate the median of the N measured values of [El/Fe]; we then select,
out of these N stars, the group of approximately 68% stars, half of which have
[El/Fe] larger than the median value and the other half have smaller values. The
bars indicate the interval of [El/Fe] that encloses the stars in this group. In the
absence of significant nucleosythesis in C-normal stars, we expect that: (1) the
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Figure 4.2: Average values of the abundances observed in our sample of C-normal
stars. Circles and plus signs represent elements observed in more, or less, than
six stars, respectively. The solid and dashed bars enclose, respectively, 68.3% and
100% of the observations. The combined abundance of C+N is shown in the right
panel. The solid line shows the initial abundances adopted in our models.
mean and the median of the observed abundances coincide and are equal to
the initial value predicted by the models of Galactic chemical evolution; (2) the
deviations from the mean have a Gaussian distribution; (3) the solid bars are
symmetrical with respect to the mean and correspond to the standard deviation
in the observed abundances. However, Fig. 4.2 shows that this is not always
true and several discrepancies occur between the predictions of the Galactic
chemical evolution model and the observations.
We analyse briefly the discrepancies that are most relevant for our purposes.
The abundances of carbon have a dispersion of 0.8 dex and on average [C/Fe]
is about 0.3 dex larger than the model value (approximately a factor of two).
However, this initial offset should not affect our results for CEMP-s stars too
much because during AGB nucleosynthesis the amount of carbon increases
typically by more than 2 orders of magnitude. The average abundance of
nitrogen relative to iron is 1.5 dex larger than the initial abundance assumed in
our model, with a spread of 1 dex. Nitrogen is produced in the CN cycle that
occurs when protons are mixed into regions of the star where carbon is abundant.
For example, when stars ascend the red giant branch the surface abundance of
nitrogen increases because the first dredge-up mixes the products of partial
hydrogen burning (such as 13C and 14N) into the envelope. The increase in
nitrogen abundance depends on the extent of the mixing, that is very uncertain
(e.g.: Charbonnel et al., 1998; Boothroyd & Sackmann, 1999; Karakas et al., 2010).
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However, the total amount of carbon plus nitrogen is conserved in the CN cycle
and therefore when both the elements are observed it is convenient to compare
the predictions of our models with the combined abundance C+N. In C-normal
stars the average C+N (plotted in the right panel) is underestimated by 0.5 dex
(approximately a factor of three). This offset should have a small effect on our
fits of CEMP-s stars, for the reason stated above.
Oxygen is underpredicted on average by a factor of three. The amount of
oxygen does not increase much during the AGB phase, by less than one order
of magnitude, hence an initial offset can substantially modify our results in the
study for CEMP-s stars. The measurements of sodium are on average larger than
the model by 0.3 dex and are spread over 0.7 dex, making the initial sodium
abundance rather uncertain. A better model of the initial abundance of sodium
is desirable because the amount of sodium produced in AGB nucleosynthesis
depends strongly on the stellar mass and on the mass of the PMZ, and a reliable fit
of its abundance can, in principle, provide constraints on these two parameters.
The elements between atomic numbers 13 (aluminium) and 30 (zinc) are
not always consistent with our initial assumptions. These elements are not
modified by AGB nucleosynthesis, with the exception of aluminium that is
partly produced in massive AGB stars, hence the offset observed in C-normal
stars is expected to be an issue also in CEMP-s stars. The differences between the
Galactic chemical evolution model and the observations of s-elements (e.g. Sr, Y,
Zr, Ba, La, Ce, Pb) are typically less than a factor of 2, which is small compared
to the increase because of AGB nucleosynthesis, although in some cases the
measurements have a large spread, for example for barium (0.8 dex), cerium
(0.9 dex) and lead (1.1 dex). The effect of these uncertainties on our results
for CEMP-s stars is probably small because s-elements are generally produced
in large amounts in AGB stars. The r-elements (atomic numbers 62 − 71 and
75 − 80, e.g. Sm, Eu, Gd, Dy, Ho, Er, Th) are underestimated by 0.4 − 1 dex, in
many cases with large spreads in the observed abundances. The abundances of
several of these elements (Eu, Gd, Dy, Ho) generally increase by less than 1− 1.5
dex during the AGB phase and therefore the initial offset may affect our analysis
of the CEMP-s stars.
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4.5 Analysis of the abundances in carbon-enhanced
metal-poor stars
We compare our binary evolution and nucleosynthesis models with the abun-
dances of the 66 CEMP-s stars in our observational sample. We also include 14
of the 15 binary stars with known orbital periods studied in Paper I (those with
−2.8 ≤ [Fe/H] ≤ 1.8) but in the present work, for comparison, we focus only on
the chemical abundances and we ignore the constraints on the period of the sys-
tems. In general we find initial parameters of the best-fit model different from
Paper I. These differences give an estimate of the uncertainties in our present
results caused by the lack of information on the orbital periods.
For each star in our sample we determine the model in our grid that best
reproduces the observed chemical abundances with the same procedure as in
Paper I. Initially, to constrain the evolutionary stage, we select model stars that
reproduce the measured surface gravity within the observational uncertainty,
σg, at an age 10 ≤ t ≤ 13.7 Gyr. Subsequently, for the stars that pass this selection,
we compute the χ2 of each model from
χ2 =
∑
i
(Ai,obs − Ai,mod)2
σ2i, obs
. (4.1)
In Eq. (4.1) every element i has observed abundance Ai,obs = 12+log10(Ni,obs/NH),
where Ni,obs and NH are the number densities of i and hydrogen, respectively,
σi, obs is the observational error associated with Ai,obs and Ai,mod is the abundance
predicted by the model. The minimum value of χ2 determines the best model.
In this procedure we do not include any constraint on the effective temperature,
Teff , because Teff depends strongly on the observed metallicity which varies by
up to a factor three in the stars of our sample compared to the value adopted
in our model, Z = 10−4 . All other parameters being equal, if the observed
metallicity is lower (higher) than in our model we expect to find a model Teff
lower (higher) than the observed.
As we noted in Paper I, because in our study we adopt a fixed metallicity for
all our systems we ignore the scatter in observed [Fe/H] values. Qualitatively,
a decrease in metallicity has two effects. First, the abundance relative to iron
of the elements produced in AGB nucleosynthesis increases, because the initial
amount of iron is lower and iron is not produced in AGB stars. Second, because
the production of neutrons is primary in AGB stars, the smaller the abundance
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of iron the larger is the neutron-to-iron ratio and thus the abundance of neutron-
rich elements (e.g. barium, lead) is enhanced. Opposite effects are caused
by increasing metallicity. We restricted our sample to a 0.5 dex range around
[Fe/H] = −2.3 to have a sufficient number of stars for our analysis. It is important
to consider that our approximation likely introduces bigger errors the larger the
difference in [Fe/H] between observations and our model.
We focus on the elements produced by nucleosynthesis in AGB stars. There-
fore in Eq. (4.1) we take into account C, N, O, F, Ne, Na, Mg and all the heavy
neutron-capture elements with atomic number in the range [31, 82], includ-
ing the light-s elements (or ls, namely strontium, yttrium and zirconium), the
heavy-s elements (or hs, namely barium, lanthanum and cerium) and lead. The
abundance of nitrogen produced in AGB stars is uncertain. In AGB stars of
mass above about 3M carbon is efficiently converted to nitrogen at the base of
the convective envelope (hot bottom burning, Lattanzio, 1991). At lower mass,
some form of deep mixing of the envelope material operates down to regions
where hydrogen burning occurs, as discussed in Sect. 4.4, but the exact amount
depends on the extent of mixing, which is very uncertain (e.g. Hollowell & Iben,
1988; Gallino et al., 1998; Goriely & Mowlavi, 2000a; Stancliffe, 2010; Lugaro
et al., 2012). However, the total amount of C+N is conserved therefore when
both elements are measured we consider their combined abundances. We ex-
clude from Eq. (4.1) the elements from aluminium to zinc because they are not
involved in AGB nucleosynthesis (aluminium is produced only in massive AGB
stars) and the differences between models and observations reflect a discrep-
ancy with our set of initial abundances, as we noticed in the sample of C-normal
stars. In some CEMP-s/r stars, as will be explained in Sect. 4.5.2, for comparison
we take into account a smaller set of elements, i.e. only those that are mostly
produced in AGB nucleosynthesis (C, Mg, Sr, Y, Zr, Ba, La, Ce, Pb).
Tables 4.3, 4.4 and 4.5 in Appendix 4.A summarise the input parameters
and the results of the best-fit models computed with model sets A, B and C,
respectively, as follows.
Columns 2 − 5: the fitted parameters M1,i, M2,i, MPMZ and Pi.
Columns 6− 8: the mass accreted by the secondary star, ∆Macc, the orbital
period of the binary when the secondary star best reproduces the observed
log g and surface abundances (Pf, hereinafter “final period”) and, for stars
with observed orbital periods, the final period determined in Paper I.
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Columns 9− 11: χ2, the number of degrees of freedom of the fit, ν, and the
reduced χ2, i.e. χ2ν = χ2/ν. The number of degrees of freedom is calculated
as ν = Nobs−4, where Nobs is the number of observed elements used in Eq.
(4.1) and 4 is the number of fitted parameters. Tables 4.3–4.5 summarise
the results of the 43 CEMP-s stars with ν ≥ 2.
Some stars may fail to match one or more elements within their observed
uncertainty. For this purpose we calculate the residuals,
Ri = Ai,obs − Ai,mod , (4.2)
where Ai,obs and Ai,mod are the observed and modelled number abundance of
element i of the best fitting model, as in Eq. (4.1).
For every element i, if our models reproduce correctly the nucleosynthesis
and mass transfer process, under the assumption that the measurements are
affected only by Gaussian errors, the distribution of Ri should resemble a Gaus-
sian function centred on zero with a standard deviation approximately equal
to the average observational error. In Fig. 4.3 we plot the distributions of Ri
computed with the default model set A and binned in intervals of width 0.1.
From the top left to the bottom right we show the distributions of the residuals
computed for the abundances of C (for those stars without a N measurement),
C+N, Na, Mg, Sr, Ba, Eu and Pb. Different colours indicate the subgroups of
CEMP-s/nr (red), CEMP-s/r (blue) and CEMP-s/ur (grey) stars. In brackets we
indicate the number of stars in which the element is measured.
In Fig. 4.4 we plot, for each star with ν ≥ 2, the residuals Ri of every observed
element. The elements considered in Eq. (4.1) are shown as black filled circles,
while the other elements are shown as grey open circles. The average values
of the residuals of each element are shown as crosses. Panels (a)–(c) show the
results obtained with our default model set A for CEMP-s/nr, CEMP-s/r and
CEMP-s/ur stars, respectively.
4.5.1 CEMP-s/nr stars
Ten of the 66 sampled CEMP-s stars are classified as CEMP-s/nr, with [Ba/Fe] >
0.5 and [Eu/Fe] ≤ 1. In general we find good fits to the abundances for all stars in
this group. An exception is HD196944 (χ2 = 56.5, ν = 12), even though almost
every element in this star is reproduced within its observational uncertainty.
The χ2 is large because the abundance of oxygen is underestimated by 0.7 dex,
112
4.5 Analysis of the abundances in carbon-enhanced metal-poor stars
0.6 0.3 0.0 0.3 0.6
Residual, Ri
0
1
2
3
4
5
6
7
N
u
m
b
er
of
st
ar
s C (26) -s/nr
-s/r
-s/ur
1.2 0.9 0.6 0.3 0.0 0.3
Residual, Ri
0
1
2
3
4
5
N
u
m
b
er
of
st
ar
sC+N (17)
1.2 0.9 0.6 0.3 0.00
1
2
3
4
5
6
7
N
u
m
b
er
of
st
ar
s Na (20)
0.6 0.3 0.0 0.3 0.60
2
4
6
8
10
12
N
u
m
b
er
of
st
ar
sMg (40)
1.2 0.9 0.6 0.3 0.0 0.3 0.60
1
2
3
4
5
6
7
8
N
u
m
b
er
of
st
ar
s Sr (35)
0.3 0.0 0.3 0.60
1
2
3
4
5
6
7
8
9
N
u
m
b
er
of
st
ar
sBa (40)
0.3 0.0 0.3 0.6 0.9
Residual, Ri
0
1
2
3
4
5
6
7
N
u
m
b
er
of
st
ar
s Eu (28)
0.3 0.0 0.3 0.6 0.9
Residual, Ri
0
1
2
3
4
5
6
7
N
u
m
b
er
of
st
ar
sPb (30)
Figure 4.3: Residual distributions in the model-A CEMP-s stars of our sample
with more than two degrees of freedom. The number of stars in which the element
is measured is indicated in brackets. The residual distributions for CEMP-s/nr,
CEMP-s/r and CEMP-s/ur stars are indicated in red, blue and grey, respectively.
In the top-left panel the residual distribution of carbon is shown for those stars
without a nitrogen measurement.
i.e. almost the same offset as observed in C-normal stars. If we exclude oxygen
from the elements considered in Eq. (4.1) we find the same initial parameters
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Figure 4.4: Values of the residuals in the 43 modelled CEMP-s stars with a number
of degrees of freedom ν ≥ 2. Model set A is adopted. From top to bottom: CEMP-
s/nr, CEMP-s/r and CEMP-s/ur stars. Black filled circles indicate the residuals of
the elements included in Eq. (4.1) to calculate χ2, grey open circles indicate the
other elements, crosses represent the average values of the residuals.
but χ2 ≈ 11 (ν = 11). We note that HD196944 is the only CEMP-s/nr star
with an observed oxygen abundance, therefore we do not know if oxygen is
overabundant also in other stars of this group.
Four stars of this group, CS22942 − 019, CS22964 − 161A,B and HD198269
belong to binary systems with known orbital periods. In Paper I we find the
models that best reproduce, at the same time, the observed abundances and the
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orbital periods of these stars. In the present work we ignore the constraint on
the period in our models and we find essentially the same input parameters M1,i,
M2,i and MPMZ as in the best models of Paper I, whereas there are large differences
in the initial and final periods. These differences are due to the amount of mass
∆Macc that the secondary star has to accrete in order to reproduce the observed
log g and surface abundances. For example, the model star CS22942 − 019
accretes ∆Macc ≈ 0.3 M with all the model sets and consequently the χ2 of the
fit is the same (χ2 = 21). On the other hand, the initial periods vary by a factor
of four (Pi = 6.4 × 104 days with model sets A and C, Pi = 1.7 × 104 with model
set B), while the final periods are Pf = 1.0 × 105, 3.2 × 103, Pf = 1.5 × 104 days
with model set A, B and C, respectively (observed Porb = 2800 days).
For binary star CS22964− 161A,B, which probably formed in a triple system
(cf. Thompson et al., 2008, and Paper I), we find essentially the same results
as in Paper I without significant differences between model sets A, B and C.
A binary system of approximately 1.5 M accretes a small amount of material
(∆Macc ≈ 0.06 M) from an initially 1.6 M primary star in a very wide orbit (Pi =
2.7×105, 1.3×105, 2.6×106 days according to model sets A, B and C, respectively).
The fit to the abundances observed in HD198269 improves compared to the result
of Paper I if we ignore the orbital period (Porb = 1295 days). With essentially the
same assumptions on the masses and longer orbital periods (see Tables 4.3–4.5)
our model stars accrete ∆Macc ≈ 0.08 M and we obtain χ2 = 9, whereas in our
best-fit model in Paper I (with model set B) we find ∆Macc = 0.13 M andχ2 = 18.
Fig. 4.4a shows that the abundances of almost all the elements involved in
AGB nucleosynthesis are well reproduced and typically the mean of the residu-
als is close to zero. The abundance of sodium is well reproduced in three out of
four CEMP-s/nr stars, while it is underestimated by 0.5 dex in CS22964 − 161B
(in which σNa = 0.3 dex). The mean residual of yttrium (atomic number 39)
is approximately −0.15 dex, lower than for strontium and zirconium (R ≈ 0).
The difference is smaller than the average error in the measurement of yttrium
(σobs = 0.20 dex) but indicates that the abundance of yttrium is systemati-
cally overestimated compared to strontium and zirconium. The abundances of
erbium (atomic number 68), which is mainly an r-process element, are under-
estimated on average by 0.45 dex, while the mean observational uncertainty
is σobs = 0.21 dex. The abundances of lead are underestimated on average by
0.18 dex, approximately the mean observational uncertainty of this element in
CEMP-s stars (σobs = 0.20 dex). The distribution of the residuals in Fig. 4.3
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(red histogram) shows that the residuals of lead are always within 2σobs. The
distributions in Fig. 4.3 show that the abundances of the other elements are
typically reproduced within 2σobs. This indicates that on average our models
of binary evolution and AGB nucleosynthesis reproduce reasonably well the
abundances of CEMP-s/nr stars, although the results should be interpreted with
care because our sample is small and we do not constrain the orbital periods of
the modelled systems.
4.5.2 CEMP-s/r stars
20 stars in our sample are classified as CEMP-s/r stars. Two of these stars,
BS16080 − 175 and BS17436 − 058, are not listed in Table 4.3 because only 5
elements are observed and therefore ν = 1. Four CEMP-s/r stars (CS22948−027,
CS29497−030, HD224959 and LP625−44) are analysed in Paper I and we find that
to reproduce the large enhancements observed in most of the neutron-capture
elements the secondary star has to accrete a large amount of mass, ∆Macc >
0.2 M. At the observed orbital periods only model set B predicts efficient mass
accretion, whereas without the constraint on the period also model sets A and C
predict large mass accretion in much wider orbits, as shown in Tables 4.3 and 4.5.
Our best-fitting models have rather high χ2 despite the large accretion efficiency,
partly because we fail to reproduce the enhanced abundances of the r-elements,
and this points to a limitation in our nucleosynthesis model, as noted also in
Paper I.
For several CEMP-s/r stars we find a particularly poor fit, with large reduced
χ2 (χ2ν & 5, whereas at a visual inspection models appear to fit well the observed
abundances if χ2ν ≤ 3). To verify if these results are caused only by the dis-
crepancy in the r-elements we perform the χ2 analysis taking into account only
nine elements largely produced by AGB nucleosynthesis: C, Mg, Sr, Y, Zr, Ba,
La, Ce, Pb. This choice generally leads to a better fit of the abundances of these
elements without significantly affecting the other elements. However, even with
this choice, in most model stars the reduced χ2 still exceeds 3, with the excep-
tions of CS22948 − 027 and CS29497 − 030. The best-fitting models of these two
stars calculated taking into account only nine elements have the same primary
masses and MPMZ as previously fitted and secondary stars slightly more massive
(by approximately 0.05 M for both stars with all model sets). This difference
arises because in most of our model CEMP-s/r stars there is also an issue in
reproducing the observed element-to-element ratios. In particular, it is difficult
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Figure 4.5: Best-fit model (solid line) with model set A and observed abundances
(points with error bars, in black the elements adopted in Eq. 4.1) of CEMP-s/r
star CS22898 − 027. The dotted line shows the model with M1,i = 2 M and
MPMZ = 4 × 10−3 M.
to reconcile the large enhancements of neutron-rich elements (hs and lead) with
the relatively small abundances of lighter elements (C, Na, Mg, ls). As an exam-
ple we compare the modelled and observed abundances in star CS22898−027 in
Fig. 4.5. A model of a 0.5 M secondary star that accretes ∆Macc ≈ 0.3 M from
a 2 M primary star with MPMZ = 4× 10−3 M (dotted line) reproduces the large
enhancement of the heavy-s elements and lead, but overestimates carbon by 0.8
dex, sodium and magnesium by more than 1 dex and the light-s elements by at
least 0.5 dex (consequently, χ2 = 632). The best compromise between the light
and heavy elements is the model with M1,i = 1.5 M and MPMZ = 6.6 × 10−4 M,
shown as a solid line in Fig. 4.5, where all elements up to zirconium are overesti-
mated, the neutron-rich elements between barium and lead are underestimated
and χ2 = 100 (ν = 11). Similar results are found with all model sets.
In Fig. 4.6 we plot the hs-to-ls ratio versus the abundance of Eu observed
in our sample CEMP-s/nr and CEMP-s/r stars. The abundances of hs and
ls are defined respectively as [hs/Fe] = ([Ba/Fe] + [La/Fe] + [Ce/Fe])/3 and
[ls/Fe] = ([Sr/Fe] + [Y/Fe] + [Zr/Fe])/3. If one of these abundances is not
available we average among the elements present in our database. Orange and
black points indicate, respectively, the observed stars for which we find a fit
with small reduced χ2 (χ2ν ≤ 3) and those for which our best fit has χ2ν > 3. The
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dotted line indicates the maximum value of the hs-to-ls ratio predicted in our
models, [hs/ls]max = 0.88. We notice that:
• [hs/ls] is generally larger for increasingly large [Eu/Fe], because the abun-
dances of heavy-s elements and europium correlate in metal-poor stars
(e.g. Jonsell et al., 2006) whereas the abundances of light-s elements are
essentially independent of europium.
• 11 stars have observed [hs/ls] < [hs/ls]max and for all but one we find
a model with χ2ν ≤ 3. The only star with χ2ν > 3 is HD196944 because
of the oxygen abundance, while essentially all other elements are well
reproduced. As mentioned in Sect. 4.5.1, if we exclude oxygen from the fit
we find the same best-fit parameters and χ2ν = 1.0. Only 2 out of 11 stars
are CEMP-s/r stars (CS22881−036 and HD187861) and have relatively low
europium enhancements, [Eu/Fe] < 1.4.
• 17 stars have observed [hs/ls] > 0.88; for only two of these stars we find a
model with χ2ν < 3 and one of these is a CEMP-s/nr star (HD198269).
• 18 out of 20 CEMP-s/r stars have [hs/ls] > [hs/ls]max (only the CEMP-s/r
stars with ν ≥ 2 are shown in Fig. 4.6). The value [hs/ls]max is found
in a model AGB star of mass M1,i ≈ 1.5 M: consequently, an initial pri-
mary mass M1,i = 1.5 M is selected in almost all our model CEMP-s/r
stars. However, only three model CEMP-s/r stars reproduce the observed
abundances well (χ2ν < 3).
The distributions of the residuals of CEMP-s/r stars in Fig. 4.4b reflect the
difficulty in predicting the correct element-to-element ratios in most CEMP-s/r
stars. The abundances of almost all elements up to zirconium are on average
overestimated. The mean residual of carbon is R = −0.3 dex. The mean residual
of C+N is smaller (R = −0.1 dex) but the values have a larger dispersion.
Oxygen is underestimated on average by 0.6 dex, approximately the same as
in C-normal metal-poor stars. Because the abundance of oxygen is not much
affected by AGB nucleosynthesis, this result suggests that the discrepancy could
be reduced by adopting a larger initial abundance of oxygen in our models. The
abundance of sodium is always overestimated, on average by 0.5 dex. In stars
HE0338 − 3945 and HE1305 + 0007 the residuals of sodium are approximately
−1 while the observational uncertainties are 0.1 and 0.2 dex, respectively. The
abundance of sodium is increasingly larger the larger the mass of the PMZ. In
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Figure 4.6: [hs/ls] vs [Eu/Fe] in our sample CEMP-s/nr (those with [Eu/Fe] < 1)
and CEMP-s/r stars. Orange filled circles indicate the stars for which we find a
good fit (χ2ν ≤ 3). Black crosses indicate the stars poorly reproduced (χ2ν > 3). The
dotted line indicates the maximum hs-to-ls ratio in our models, [hs/ls]max = 0.88.
our model CEMP-s/r stars we mostly assume MPMZ ≥ 2 × 10−3 M in order to
reproduce the observed abundances of the neutron-rich elements; consequently
we overestimate sodium. Magnesium is the only light element with mean
residual approximately zero. As shown in Fig. 4.3, the maximum discrepancy
between the observed abundances and our models is 0.4 dex, within two times
the average observational uncertainty (σobs = 0.2 dex).
The computed residuals of ls, hs and lead confirm the results obtained for
the example star CS22898 − 027: the elements of the first s-peak are overesti-
mated on average by 0.2− 0.5 dex, whereas lead and the elements of the second
s-peak are underestimated by 0.1 − 0.2 dex, with the exception of cerium and
lanthanum (R ≈ 0). A systematic discrepancy, negative for strontium and pos-
itive for barium and lead, is present also in the distributions of the residuals
in Fig. 4.3 (blue histograms). Because none of the model stars reproduces the
large observed hs-to-ls ratio, in order to minimise χ2 our model predicts larger
abundances of strontium and smaller abundances of barium and lead compared
to the observations.
The yttrium residuals are typically lower than strontium and zirconium,
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analogously to the result obtained for the sample CEMP-s/nr stars. The abun-
dance of niobium is observed only in star CS29497 − 030 and is underestimated
by 0.34 dex. This is peculiar because according to the models niobium is formed
from the radioactive decay of 93Zr, and the abundance of zirconium is well
reproduced this stars (R ≈ 0).
The r-elements are systematically underproduced, perhaps not surprisingly
because in our nucleosynthesis model the r-process is not included. Our models
typically produce [Ba/Eu] close to unity and the maximum europium enhance-
ment is approximately [Eu/Fe] = 1.5 dex, whereas in most CEMP-s/r stars the
observed [Ba/Eu] is below 0.6 and [Eu/Fe] > 1.5 dex.
4.5.3 CEMP-s/ur stars
36 stars in our sample do not have an observed abundance of europium and
therefore are classified as CEMP-s/ur stars, 15 of which are listed in Tables
4.3–4.5 because at least 6 elements have been observed. Three of these 14
stars have measured orbital periods and are discussed in Paper I. One of them,
BD+04◦2466, has a very long period (approximately 4600 days) and if we do
not take this into account we find the same input parameters as in Paper I. On
the contrary, to reproduce the period of HD201626 (407 days), our model binary
stars experience a common-envelope phase which shrinks the orbit. Without
the period constraint the model progenitor system of HD201626 has a 1.4 M
primary star that transfers ∆Macc ≈ 0.16 M to its companion star in a wide orbit
(cf. Tables 4.3–4.5). Consequently, the systems do not experience a common-
envelope phase and therefore the final periods derived in the models are 20
to 500 times longer than that observed. Without the period constraint we find
χ2 ≈ 8 (ν = 5), whereas in our best-fit model in Paper I we find χ2 ≈ 14 (ν = 6).
In Paper I we find that the model for star HE0024 − 2523 needs to experience
inefficient common-envelope ejection to reproduce the large enhancements of
the heavy-s elements. If we relax the period constraint the system does not enter
a common-envelope phase and the final period of the system is 475 days (with
model set A), two orders of magnitude longer than the observed period of 3.14
days.
Fig. 4.4c shows that carbon, magnesium, zirconium and the heavy-s ele-
ments are reproduced within 0.1 dex on average. The elements with the largest
discrepancy with the observations are C+N (R = −0.45), sodium (R = −0.25),
strontium and yttrium (R = −0.2) and lead (R = 0.25). The abundance of nitrogen
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is observed only in five systems (BD+04◦2466, HD13826, HD187216, HD201626,
HD5223) and the results are greatly affected by the poor fit of star HD187216,
where our model cannot reconcile the large enhancements of the s-elements
with the solar ratios observed for nitrogen, sodium and magnesium. Our best
fit reproduces the s-elements but overestimates C+N and sodium by 1.1 and
0.7 dex, respectively. In this star niobium is observed to be 0.7 dex larger than
predicted by our model whereas zirconium is well reproduced. An analogous
discrepancy is observed in the CEMP-s/r star CS29497 − 030 (Sect. 4.5.2). The
distribution of strontium is greatly affected by the poor fit of star HE0212−0557,
where the observed hs elements are enhanced by 2 dex whereas [Sr/Fe] ≈ 0,
that is 1.2 dex lower than predicted by our best model. Our model also overes-
timates the abundance of yttrium ([Y/Fe] = 0.7) by 0.6 dex, and the abundances
of carbon and magnesium by 0.5 dex. This may hint at some fundamental issue
with the observed abundances. If we do not consider this star, the mean resid-
uals of strontium and yttrium are −0.1 and −0.15, respectively. Although the
differences are small, it may indicate the same systematic effect found in CEMP-
s/nr and CEMP-s/r stars. Fig. 4.3 shows that the abundances of barium and
lead are reproduced within 0.3 dex, that is 1.5 times the average observational
uncertainty (σobs ≈ 0.2), with the exception of the model for star HE0024 − 2523
that underestimates the observed [Pb/Fe] = 3.2 by almost 1 dex.
4.6 Confidence intervals of the initials parameters
The results presented in Sect. 4.5 are based on the best-fit models found from
our χ2-minimization procedure. In this section we perform a confidence study
to determine how well the input parameters of our best fits are constrained.
For each star in our sample the confidence interval of M1,i, M2,i, Pi and MPMZ
is found with the following procedure. On our grid of binary models and
associated χ2 values (Eq. 4.1), we fix one of the input parameters p and we find
the minimum χ2 with respect to the other input parameters. With this procedure
we find a function that associates a χ2 to each grid value of the initial parameter
p. The minimum of this function is equal to the χ2 of the best fit, χ2min. A
confidence region can be defined as an interval of p within which the difference
χ2 − χ2min is below a certain threshold. If the measurement errors are Gaussian
and our model reproduces the data, then the probability distribution of χ2 is
also Gaussian. In this case, the threshold ∆χ2 = 1 corresponds to the confidence
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interval of 68.3% probability that the actual p is in this interval. Similarly, the
thresholds ∆χ2 = 4 and ∆χ2 = 9 correspond to the confidence intervals of 95.4%
and 99.7% probability, respectively.
It is important to notice that in our study the thresholds ∆χ2 = 1, 4, 9 are
only an indication of the confidence levels. Therefore, these thresholds should
not be used to calculate the theoretical Gaussian probabilities, because (i) the
measurement errors are not necessarly Gaussian and they may in some cases
be affected by systematic effects and (ii) in some systems our models fail to
reproduce the observed element distribution. In the analysis of our sample
stars we note that in general models with χ2 below the threshold ∆χ2 = 4
have surface abundances hard to distinguish by eye from the best-fit values,
whereas larger χ2 are found for models clearly distinct and worse than the best
model. On the other hand, for many stars no model is found with χ2 below the
threshold ∆χ2 = 1. Therefore, to determine the confidence intervals of our input
parameters we adopt ∆χ2 = 4. In case for one parameter no model other than
the best fit satisfies the condition ∆χ2 < 4, the confidence interval is assumed to
be half of the grid resolution for that parameter.
In some cases we find multiple local minima in the χ2 distribution because
different combinations of initial parameters result in model stars with similar
surface abundances and hence almost equal χ2. As an example, in Fig. 4.7
we plot the confidence intervals of the initial parameters M1,i and Pi of star
HD196944 with our default model set A. The plot of M1,i (bottom right panel)
shows that the minimum χ2 is found for a model primary mass M1,i = 1.4 M
and that model stars with χ2 < 4 are found in the range between M1,i = 1.0
and M1,i = 1.6 M. Hence, we conclude that the confidence range of M1,i in
star HD196944 is [1.0, 1.6] M. Similarly, two local minima of χ2 are found
around Pi = 6,000 days and 2.9 × 105 days (top left panel of Fig. 4.7). The
confidence range of Pi is therefore the union of the intervals [2, 13] × 103 days
and [2.6, 3.3] × 105 days. This is a consequence of the relation between the
orbital separation and the wind accretion rate in the WRLOF model, which is
a parabolic function (Eq. 9 of Abate et al., 2013). If Pi is in the approximate
range [2, 20] × 104 days the accretion efficiency is high, a large amount of mass
is accreted and the best fit has much larger abundances than observed (and
consequently a very large value χ2 value).
The two-dimensional confidence intervals of M1,i and Pi (top right panel of
Fig. 4.7) show the relation between these two parameters and theχ2 of the model.
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Figure 4.7: Confidence intervals of M1,i and Pi for star HD196944. In the top
right panel the two-dimensional confidence intervals are shown: the thresholds
∆χ2 = 2.30, 6.17, 11.8 are represented respectively as solid, dashed, dotted lines.
The plus sign indicates the best model. In the top left and bottom right panels
we show the one-dimensional confidence intervals of Pi and M1,i, respectively:
long-dashed lines indicate the thresholds ∆χ2 = 1, 4, 9.
To compute the two-dimensional confidence intervals of two input parameters
p and p′ we follow the same procedure as described previously, but we fix a pair
of values (p, p′) and we let the other two parameters vary. In two dimensions
the confidence levels of 68.3%, 95.4% and 99.7% correspond respectively to the
thresholds ∆χ2 = 2.30, 6.17, 11.8 (Press et al., 1989). The contours in the top
right panel indicate these intervals. The two-dimensional confidence intervals
show if there is a correlation between the parameters of the fit. For example,
one may expect a correlation between M1,i and Pi if the most important factor
that determines the value of χ2 is the amount of mass transferred. In this case,
the larger the mass of the primary star the longer has to be the orbital period
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to transfer the same amount of material, because the efficiency of the mass
transfer depends on the orbital separation and more massive stars lose more
mass. However, the two-dimensional confidence intervals show that there is
no correlation between M1,i and Pi in our model of HD196944. If the mass
of the primary star changes, it also changes the chemical composition of the
transferred material. A model star with M1,i outside the range [1.0, 1.6] M does
not reproduce the observed abundances regardless of the orbital period and,
consequently, regardless of the amount of transferred material.
Fig. 4.8 shows the input parameters of the 22 model CEMP-s stars withχ2ν < 3
and ν ≥ 2. CEMP-s/nr, CEMP-s/r and CEMP-s/ur stars are indicated as filled
circles, crosses and filled diamonds, respectively. The horizontal bars represent
the confidence intervals determined with the threshold ∆χ2 < 4. Model stars
with χ2ν > 3 are not included because they do not reproduce the observed
abundances, while stars with ν < 2 do not provide tight constraints on the
models and including them does not improve the significance of this study.
Most of the best-fitting models have primary mass below 2 M. AGB models
with masses in this range produce a significant amount of s-process elements
regardless of the mass of the PMZ because of proton-ingestion events that occur
in the first thermal pulses (as described by Lugaro et al., 2012, for regime 4 of
neutron capture). As a consequence, the mass of the PMZ in our model stars is
not well constrained, as indicated by the large confidence intervals in the second
panel of Fig. 4.8. Most model stars have MPMZ larger than 10−3 M because in
this range low-mass AGB models (M1,i < 3 M) produce positive [hs/ls] and
[Pb/hs] as observed in the majority of our sample CEMP-s stars.
Stars of mass around 1.5 M and with MPMZ ≥ 2 × 10−3 M produce the
largest [hs/ls] value and [Pb/hs] > 0. As a consequence, most observed stars
with very enhanced heavy-s elements and lead are best modelled with primary
stars of masses between M1,i = 1.4 M and M1,i = 1.6 M. CEMP-s/r stars
are mostly observed with [hs/ls] close to one or higher, as discussed in Sect.
4.5.2, and therefore our best fits are found with M1,i = 1.5 M. Two CEMP-
s/nr stars are modelled with M1,i in the mass range [1.75, 3] M, in which the
[hs/ls] ratio varies approximately between −0.5 and 0.5 for MPMZ between 0 and
2×10−3 M while [Pb/hs] is always positive (regime 2 of Lugaro et al., 2012). The
secondary mass (third panel of Fig. 4.8) in the models depends on the observed
enhancements. Because the accreted material is efficiently mixed throughout
the star, a large amount of accretion is required when the observed abundances
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4.7 Discussion
are greatly enhanced. Consequently, the secondary star has to be initially less
massive to reach a mass approximately in the range 0.8−0.9 M after the accretion
and still be visible at t > 10 Gyr.
The input parameters M1,i, MPMZ and M2,i are essentially the same with all
model sets. On the contrary, there are several differences between the initial
and final periods, as shown in the upper and lower panels of Fig. 4.9. In model
set C the binary systems typically start in wider orbits compared to the other
model sets, because the dependence of the WRLOF process on the separation
favours wider orbits compared to model set B and because of the more efficient
mechanism of angular momentum loss compared to model set A. The final
periods computed with model set A and C are similar in many stars because
the mass-transfer algorithm is the same in the two models and therefore the
binary stars need to have approximately the same separation during accretion
to transfer the same amount of material. The majority of stars in model sets
A and C have final periods longer than 4,600 days, which is approximately
the longest period measured in our sample. On the contrary, in model set B
mass transfer is more efficient in close orbits and consequently the majority
of the systems are predicted at periods shorter than 10,000 days. This is the
only model set that predicts significant mass accretion in close orbits, as shown
also in Paper I, and 9 modelled stars have final periods up to 4,600 days. The
stars that need to accrete a small amount of mass to reproduce the observed
abundaces have longer periods because of the enhanced wind-accretion rate the
and efficient mechanism of angular momentum loss.
4.7 Discussion
4.7.1 Comparison between observed and modelled abundances
Our best fitting models to the chemical abundances observed in the CEMP-s stars
in our sample are found with initial primary mass in the range between 0.9M
and 3M. In this mass range the neutron source is the 13C(α, n)16O reaction that
operates on 13C produced by the inclusion of a PMZ or by ingestion of protons
in the stellar interior during the thermal pulses (regimes 2 − 4 in Lugaro et al.,
2012). The abundances of s-elements predicted in the models depend on the
mass of the AGB star and of its PMZ. We note that: (i) [Ba/Eu] is always close to
unity, (ii) the value of [hs/ls] varies from [hs/ls] ≈ −0.5 for MPMZ = 0 M up to
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[hs/ls] ≈ 0.9 for MPMZ ≥ 2× 10−3M and M1,i = 1.5M and (iii) [Pb/hs] is always
positive and in some cases greater than one for M1,i above approximately 2M.
The success of our models in reproducing the observed abundances varies
significantly for different classes of stars. CEMP-s/nr stars typically exhibit
[hs/ls] ≈ 0.5 dex and [Ba/Eu] between 0.5 and 1 dex, therefore our models gen-
erally well reproduce the abundances of the s-elements and also the r-elements.
On the other hand, most CEMP-s/r stars have [hs/ls] & 1 and therefore our
models are not able to reproduce the light-s peak and the heavy-s peak simul-
taneously. In most cases the model with the minimum χ2 systematically over-
estimates the light-s elements, on average by 0.3 dex, and underestimates the
heavy-s elements, on average by 0.1 dex. Furthermore, generally [Ba/Eu] . 1
and the abundances of all r-elements are underestimated by a factor 2 up to
100. In our sample CEMP-s/ur stars the abundances of the heavy-s elements
are typically reproduced within the observational uncertainty, as in CEMP-s/nr
stars, whereas the light-s elements are systematically overestimated on average
by 0.15 dex, similar to CEMP-s/r stars. These results are probably related to the
reason why the abundance of europium is indeterminate: this group is likely
to contain a mixture of CEMP-s/nr stars and CEMP-s/r stars. In some stars
the abundance of europium is actually low whereas in other stars europium is
enhanced but it is not detected, e.g. because the spectra have low signal-to-noise
ratios or the europium lines are blended.
Some discrepancies between models and observations are found in all three
classes of CEMP star. The abundance of nitrogen is underestimated in 15 out of
16 stars by 0.1 to 1.8 dex. The difficulty in reproducing the observed abundance
of nitrogen is a well known issue of the nucleosynthesis models. In AGB stars
of mass below approximately 3M some nitrogen is produced from carbon by a
deep mixing process that operates at the bottom of the convective envelope, but
the exact amount is very uncertain (Milam et al., 2009; Stancliffe, 2010; Karakas
et al., 2010). If we take into account the combined abundance of carbon and
nitrogen our results improve significantly and the observations are always re-
produced within at most twice the observational uncertainty, with the exception
of the CEMP-s/ur star HD187216 (Sect. 4.5.3).
Oxygen is underestimated in almost all stars of our sample, on average by
0.6 dex, approximately the same amount as in C-normal stars (cf. Sect. 4.4).
The abundance of oxygen does not change much during AGB nucleosynthesis
and most likely the discrepancy could be solved by adopting a larger initial
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abundance without significantly affecting the abundances of the other elements.
The abundance of sodium is overpredicted in all our model stars and this
points to a general issue in our nucleosynthesis model. Sodium is produced
in the intershell region of the AGB star due to proton and neutron capture on
the abundant 22Ne. The abundance of sodium increases rapidly with increasing
PMZ mass and therefore models with a smaller PMZ predict lower abundances
of sodium at each stellar mass. However, also the abundance of magnesium
is sensitive to the mass of the PMZ and a large PMZ is required in most stars
to reproduce its abundance and the abundance of heavy-s elements. Lugaro
et al. (2012) suggest three effects that may help lower the predicted sodium
abundance: (i) in the detailed models of AGB nucleosynthesis the density profile
of protons introduced to make the 13C-pocket could decrease more rapidly with
depth (e.g., Goriely & Mowlavi, 2000a), (ii) a smaller 22Ne(p, γ)23Na reaction rate
or (iii) a larger 23Ne(p, α)20Ne reaction rate, both of which are very uncertain
(Iliadis et al., 2010).
In many CEMP-s stars the abundance of yttrium is systematically lower
than strontium and zirconium by 0.1 − 0.2 dex, whereas in our models these
elements are generally produced in approximately the same amount for every
stellar mass and PMZ. This suggest that less yttrium should be produced in the
models. Yttrium is produced by the reaction 88Sr(n, γ)89Sr and the subsequent
decay of 89Sr to 89Y with a half life of 51 days. The neutron-capture cross section
of 89Sr is uncertain by a factor of two (Bao et al., 2000). Qualitatively, a larger
cross section implies that before the decay of 89Sr the reaction 89Sr(n, γ)90Sr may
occur and after two consecutive β-decays 90Zr is produced while 89Y is skipped
and this effect may help to reduce the discrepancy.
Niobium is observed in the stars CS29497 − 030 and HD187216 and it is
underestimated by 0.35 dex and 0.69 dex, respectively, although 93Nb is formed
by β-decay of 93Zr and in these stars zirconium is well reproduced. A similar
problem is found by Kashiv et al. (2010) in the context of presolar SiC grains,
in which the Nb/Zr ratio is systematically higher than in CI chondrites. These
authors suggest that a cross section of 93Zr reduced by a factor of two removes the
discrepancy and we note that this solution would help to reduce the difference
observed in the two CEMP-s stars. New measurements of the 93Zr cross section
are currently being analysed and will provide a more accurate determination of
the reaction rate (Lugaro et al., 2014).
The abundances of barium are underestimated by our models in all but two
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CEMP-s/r stars and in the majority of the CEMP-s/ur stars. However, we note
that the observed barium abundances might be affected by large spectroscopic
uncertainties because most of the observed barium lines are strong resonance
lines, often saturated and sensitive to non-LTE effects (Busso et al., 1995; An-
drievsky et al., 2009; Masseron et al., 2010). The observed abundance of lead in
most CEMP-s stars is larger than predicted by the models. The lead abundance
increases with increasing stellar mass ([Pb/Fe] is maximum for M1,i between
2M and 3M) and PMZ mass. In most of the stars in our sample the choice of a
more massive primary star implies that the abundances of sodium, magnesium
and the light-s elements are overestimated. This suggest that nucleosynthesis
models of low-mass stars (M1,i < 2M) should produce higher [Pb/Na], [Pb/Mg]
and [Pb/ls] values. On the other hand, lead measurements generally rely on one
single line blended by CH-lines, therefore the observed lead abundances may
be affected by systematic errors (Masseron et al., 2010).
4.7.2 Comparison with previous results
We compare our results with the analysis performed by Bisterzo et al. (2012)
on 94 CEMP-s stars in the range of metallicity −3.5 ≤ [Fe/H] ≤ −1.0 , 32 of
which are in common with our sample. In their study, the authors compare the
observations with the results of AGB nucleosynthesis models of single stars with
masses between 1.3 M and 2 M in a range of metallicities and 13C-pockets. A
quantitative comparison with their results is not straighforward because of the
intrinsic differences in the methods used in the two studies. For example, the
treatment of the 13C-pocket/PMZ is not the same in the AGB models by Bisterzo
et al. (2012) and by Karakas (2010, on which our model is based). In the former
a change in the size of the 13C-pocket implies that different amounts of 13C and
14N are added at the top of the intershell region at each thermal pulse, while
in the latter the size of the PMZ determines the mass of a layer of free protons
that are mixed with the intershell, whose chemical composition varies in time.
The protons react with the elements in the intershell and the mass fractions
of 13C, 14N and other isotopes are calculated consistently. The standard mass
of the 13C-pocket in the models by Bisterzo et al. (2012) corresponds roughly to
MPMZ = 10−3M in our models. Another important difference of our study is that
we compute the binary evolution, wind mass-transfer process and the mixing
effects while in the paper by Bisterzo et al. (2012) these aspects are mimicked
by including a dilution factor, i.e. the ratio between the amount of accreted
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material and the envelope mass of the accreting star.
Despite these differences, based on the sample of CEMP-s stars common to
both studies our models typically predict primary masses between 1.4M and
2M, which is approximately the range investigated by Bisterzo et al. (2012). In
eight of our model stars M1,i is below this range even if we take into account the
confidence interval. These are CEMP-s/nr stars (CS22880 − 074 and HE0202 −
2204) and CEMP-s/ur stars (BD+04◦2466, HD5223, HE0231−4016, HE0430−4404,
HE2150 − 0825 and HE2232 − 0603) with mild enhancements of carbon and s-
elements (typically below 2 dex) and low abundances of sodium and magnesium
(up to 0.5 dex). In these stars our models with low primary mass (0.9 − 1.1 M)
better match the observed carbon, fluorine (in HD5223), sodium and magnesium
whereas larger M1,i greatly overestimate the observed abundances.
We do not take into account in our models the contribution of the r-process
to the nucleosynthesis of neutron-capture elements. As a consequence our
models fail to reproduce the r-elements observed in CEMP-s/r stars. On the
contrary Bisterzo et al. (2012) assume that CEMP-s/r stars were formed from gas
polluted by the explosion of a Type II supernova and therefore adopt in their
models an initial enrichment of the r-process component of the elements heavier
than iron. This initial enhancement is determined to reproduce the observed
[La/Eu] value, that is close to unity in a pure s-process, whereas is typically
close to zero in CEMP-s/r stars. Bisterzo et al. (2011, 2012) adopt enhancements
between [r/Fe]ini = 0 and [r/Fe]ini = 2, with default value [r/Fe]ini = 0.5. The
enhanced abundance of the r-process component does not affect significantly the
abundance of the s-process elements, except in low-mass stars (M1,i . 1.7M)
with [r/Fe]ini = 2, in which case the heavy-s elements are enriched by an extra
factor of a few 0.1 dex (e.g., Fig. 6 of Lugaro et al., 2012). As a consequence, the r-
enriched models of Bisterzo et al. (2012) with initially low mass (M = 1.3−1.5M)
and relatively small 13C-pocket, corresponding roughly to MPMZ < 10−3M,
reproduce the abundance of the heavy-s elements, r-elements and lead without
largely overestimating the abundances of the light-s elements.
The origin of the r-elements in CEMP-s/r stars is unclear. Many hypotheses
have been suggested that can be classified in three main classes. In the first class
of scenarios the binary systems were formed in a molecular cloud already en-
riched in r-elements by the nearby explosion of one or more Type II supernovae
(Cohen et al., 2003; Jonsell et al., 2006; Sneden et al., 2008; Bisterzo et al., 2011,
2012). In the second class of scenarios, the primary star of the binary system
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is relatively massive and undergoes the AGB phase, producing the s-elements,
and then explodes as an electron-capture or a Type 1.5 supernova, providing
the r-elements (Zijlstra, 2004; Wanajo et al., 2006; Jonsell et al., 2006). If the
s-process and the r-process enrichments are independent, as suggested in these
two classes of scenarios, it is difficult to explain the correlation between the
abundances of barium and europium that is observed in CEMP-s/nr stars and
in CEMP-s/r stars. For a thorough discussion of these scenarios we refer to
Jonsell et al. (2006) and Lugaro et al. (2009). Lugaro et al. (2009) suggest a third
speculative scenario in which r- and s-elements are both formed in low-mass
extremely metal-poor AGB stars ([Fe/H] < −3), that may be able produce very
large densities of free neutrons when proton are ingested in the region of the He-
flash (Campbell, 2007; Campbell & Lattanzio, 2008; Herwig et al., 2011; Reifarth
et al., 2014).
4.7.3 Constraints on binary mass transfer
We considered several model sets with different combinations of the models of
wind mass-accretion rate and angular momentum loss. Because in this study
we do not consider constraints on the orbital period there are no significant
differences between the results obtained with the three model sets, with the
exception of the distributions of initial and final orbital periods of the binary
systems. Without the constraint on the orbital period our fitting procedure
mostly selects model systems with periods longer than 5,000 days, which is
more than the longest period currently observed. In our default model set A
relatively long periods are necessary to accrete large amounts of mass. Therefore,
when large mass accretion is required to reproduce the observed abundances we
find modelled CEMP-s stars with periods approximately 20 − 500 times longer
than predicted in Paper I, in which the observed orbital periods are used to
constrain our models (e.g. the stars CS22942 − 019 and CS29497 − 030). Shorter
periods are found in a few cases if the observed abundances are reproduced by
a model with a low-mass primary star (M1,i ≤ 1.1M) and small accreted mass.
For these stars we compute orbital periods of a few thousand days, consistent
with the results of Paper I (e.g. the stars BD+04◦2466 and HD198269).
With our model set A we find that our best-fitting model systems have orbital
periods between 500 days and 400,000 days with an average period of 100,000
days. With model sets B and C we obtain on average Pf = 26,000 and Pf = 70,000
days, respectively. On the other hand, the average orbital period of the systems
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analysed in Paper I is approximately 1,500 days. Furthermore, a recent statistical
study of currently available radial velocity variations in CEMP-s stars indicates
that these stars are expected to have a maximum period of about 10,000 days
and an average period of 400 days (Starkenburg et al., 2014). This suggests
two possibilities. The sample of the CEMP-s stars with observed radial velocity
variations may not be representative of the whole CEMP-s population, because
long periods are under-represented as they are difficult to measure. Otherwise,
probably a large proportion of the CEMP-s stars in our sample have periods
of less than a few thousand days, i.e. in closer orbits than we find in our best
fits, and this implies that most of our best fits have to be rejected. If this last
hypothesis is correct, then AGB stars in binary systems have to transfer wind
material with great efficiency at relatively short separations and this process is
currently possible in our models only with some ad hoc assumptions, namely
highly efficient mass-transfer and efficient angular momentum loss. This hy-
pothesis is supported by the period distribution derived in barium stars, the
equivalent of CEMP-s stars at solar metallicity (e.g. McClure & Woodsworth,
1990), and by observations of ongoing mass transfer in post-AGB binaries (e.g.
Gorlova et al., 2012).
4.8 Summary and conclusions
In this work we have used our model of binary evolution and nucleosynthesis
to calculate the best-fitting models to the surface abundances observed in a
sample of 66 CEMP-s stars. We distinguish three classes of CEMP-s stars based
on the abundances of barium and europium relative to iron: in CEMP-s/nr
stars the barium-to-iron ratio is more than three times larger than in the Sun
while europium is not particularly abundant, in CEMP-s/r stars both barium
and europium are enhanced, in CEMP-s/ur stars barium is enhanced while
the abundance of europium is indeterminate. From the comparison between
the observed and modelled abundances of these stars we draw the following
conclusions:
• The model stars that provide the best fit to the abundances observed in
CEMP-s stars have low initial mass (up to 2.5M). In this range, the main
neutron source for the s-process is the 13C(α, n)16O reaction.
• The chemical properties observed in CEMP-s/nr and CEMP-s/r stars are
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fundamentally different. The results of our models are consistent with the
abundances observed in CEMP-s/nr stars. On the contrary, most of the
model CEMP-s/r stars overestimate the observed abundances of light-s el-
ements and underestimate the abundances of heavy-s elements, r-elements
and lead. In CEMP-s/r stars the ratio of heavy-s elements to light-s ele-
ments is too high to be reproduced in our models. This result points
to a different nucleosynthesis process at the origin of the abundances in
CEMP-s/r stars, that enhances the heaviest elements without affecting the
abundances of elements such as sodium, magnesium and light-s elements.
• The abundance of sodium is always overpredicted in our models. This
discrepancy likely points to a problem in the numerical treatment of the
partial mixing zone. A proton profile in the partial mixing zone weighted
towards a low proton abundance may contribute to reducing this discrep-
ancy.
• The orbital periods predicted in this work are significantly longer than
the results of Paper I, in which our models are constrained to reproduce
the observed orbital periods of the systems. This indicates that either the
currently known periods of CEMP-s stars are biased towards close orbits
and are not representative of the whole population, or our model of wind
accretion in binary stars needs to efficiently transfer mass and lose angular
momentum in close orbits.
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Table 4.2: Summary of the surface gravities, temperatures and chemical proper-
ties observed in the 66 CEMP-s stars of our sample.
ID log g Teff Porb elem. [Fe/H] [C/Fe] [s/Fe] [Eu/Fe]
CEMP-s/nr stars
CS22880−074 3.87 5917 21 −1.92 1.54 1.33 0.65
CS22942−019 2.20 4967 2800 18 −2.69 2.21 1.80 0.85
CS22964−161A 3.70 6050 252.481 21 −2.43 1.60 1.42 0.72
CS22964−161B 4.10 5850 252.481 22 −2.43 1.40 1.34 0.72
CS30301−015 0.80 4750 17 −2.67 1.71 1.48 0.27
HD196944 1.76 5234 27 −2.36 1.39 1.21 0.32
HD198269 1.30 4800 1295 11 −2.24 1.67 1.69 0.87
HE0202−2204 1.65 5280 21 −2.02 1.17 1.39 0.53
HE1135+0139 1.80 5487 20 −2.36 1.13 1.13 0.39
HE2158−0348 2.50 5215 18 −2.81 2.10 1.65 0.92
CEMP-s/r stars
BS16080−175 3.70 6240 6 −1.86 1.75 1.55 1.05
BS17436−058 2.68 5690 7 −1.82 1.59 1.69 1.25
CS22881−036 4.00 6200 14 −2.10 2.08 1.93 1.04
CS22898−027 3.72 6110 22 −2.30 1.98 2.31 2.00
CS22948−027 1.80 4800 426.5 21 −2.51 2.36 2.40 1.90
CS29497−030 4.00 6966 344 33 −2.47 2.40 2.25 1.70
CS29526−110 3.20 6500 18 −2.42 2.32 2.15 1.81
CS31062−012 4.18 6099 24 −2.76 2.29 2.14 1.58
CS31062−050 2.94 5489 37 −2.45 1.90 2.44 1.95
HD187861 2.05 4960 14 −2.35 2.02 1.89 1.34
HD224959 1.95 5050 1273 14 −2.15 1.77 2.19 1.74
HE0131−3953 3.83 5928 16 −2.73 2.49 2.21 1.68
HE0143−0441 4.05 6305 22 −2.39 2.00 2.42 1.71
HE0338−3945 4.11 6161 32 −2.46 2.11 2.39 1.95
HE1105+0027 3.45 6132 16 −2.46 1.98 2.44 1.85
HE1305+0007 1.50 4655 21 −2.25 2.10 2.58 2.24
HE2148−1247 3.90 6380 25 −2.39 2.00 2.38 2.05
HE2258−6358 1.60 4900 31 −2.70 2.41 2.26 1.72
LP625−44 2.65 5500 4382.91 31 −2.75 2.25 2.80 1.88
SDSSJ0912+0216 4.50 6500 28 −2.57 2.27 1.56 1.28
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Table 4.2: – continued.
ID log g Teff Porb elem. [Fe/H] [C/Fe] [s/Fe] [Eu/Fe]
CEMP-s/ur stars
BD+04◦2466 1.80 5032 4592.7 20 −2.11 1.34 1.63
CS22945−017 3.80 6400 6 −2.52 2.28 0.55
CS22956−028 3.90 6900 1290 11 −2.12 1.86 0.39
CS29509−027 4.20 7050 196 5 −2.06 1.50 1.31
CS30338−089 2.10 5000 10 −2.54 2.06 2.29
HD13826 0.15 3540 9 −2.49 1.57 1.39
HD187216 0.40 3500 14 −2.52 1.38 2.34
HD201626 2.25 5190 407 11 −2.14 2.07 1.99
HD5223 1.00 4500 18 −2.14 1.57 1.91
HE0012−1441 3.50 5730 7 −2.69 1.88 1.27
HE0024−2523 4.30 6625 3.14 17 −2.69 2.10 1.56
HE0206−1916 2.70 5200 8 −2.17 2.10 2.04
HE0212−0557 2.15 5075 15 −2.33 1.93 2.19
HE0231−4016 3.59 5972 17 −2.12 1.30 1.46
HE0322−1504 0.80 4460 5 −2.04 2.42 2.79
HE0430−4404 4.27 6214 15 −2.12 1.31 1.60
HE0441−0652 1.40 4900 11 −2.56 1.40 1.20
HE0507−1430 0.80 4560 446 5 −2.44 2.72 1.29
HE0534−4548 1.50 4250 4 −1.80 1.50 0.60
HE1045−1434 1.80 4950 5 −2.54 3.32 2.99
HE1157−0518 2.00 4900 8 −2.44 2.17 2.23
HE1429−0551 1.50 4700 7 −2.56 2.29 1.66
HE1430−1123 3.75 5915 15 −2.75 1.82 1.81
HE1434−1442 3.15 5420 15 −2.46 2.15 1.26
HE1443+0113 1.95 4945 5 −2.16 2.05 1.44
HE1447+0102 1.70 5100 7 −2.55 2.48 2.77
HE1523−1155 1.60 4800 6 −2.25 1.88 1.81
HE1528−0409 1.80 5000 6 −2.69 2.42 2.38
HE2150−0825 3.67 5960 18 −2.02 1.40 1.69
HE2221−0453 0.40 4400 7 −2.31 1.84 1.82
HE2227−4044 3.85 5811 14 −2.36 1.67 1.37
HE2228−0706 2.60 5100 8 −2.50 2.33 2.58
HE2232−0603 3.50 5750 17 −2.08 1.57 1.59
HE2240−0412 4.33 5852 13 −2.24 1.39 1.36
SDSS0924+40 4.00 6200 12 −2.62 2.75 1.92
SDSS1707+58 4.20 6700 8 −2.59 2.12 3.46
SDSS2047+00 4.50 6600 12 −2.14 2.01 1.58
Notes: Periods are in days, Teff in K, and g is in units of cm s−2.
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Abstract
The stellar population in the Galactic halo is characterised by a large
fraction of carbon-enhanced metal-poor (CEMP) stars. Most CEMP stars
show enhanced abundances of s-process elements (CEMP-s stars) and some
of these are also enriched in r-process elements (CEMP-s/r stars). The
formation scenario proposed for CEMP stars invokes mass transfer in the
past from a thermally-pulsing asymptotic giant branch (AGB) primary star
to a less massive companion star which is presently observed. In this work
we generate synthetic populations of binary stars at metallicity Z = 0.0001
with the aim to reproduce the observed fraction of CEMP stars and to
constrain the physical processes involved in the formation of CEMP stars,
in particular the nucleosynthesis in the AGB phase and the mechanism
of mass transfer. We compare the CEMP fractions determined from our
synthetic populations and the abundance distributions of many elements
with the observations. Several physical parameters of the binary stellar
population of the halo are uncertain, in particular the initial mass function,
the mass-ratio distribution and the orbital-period distribution. We vary the
initial distributions in our model and we study the consequent variations
of the synthetic CEMP population. The CEMP fractions calculated in our
synthetic populations vary between 7% and 17%, a range consistent with
the CEMP fraction recently computed for the SDSS/SEGUE data sample.
Most CEMP stars are formed in binary systems with periods longer than
10,000 days. Few CEMP stars have measured orbital periods, which are
all within a few thousands days. The results of the comparison between the
modelled and observed abundance distributions are significantly different
in CEMP-s/r stars and r-normal CEMP-s stars. In r-normal CEMP-s
stars our simulations qualitatively reproduce the observed distributions of
carbon, sodium, and heavy elements such as strontium, barium, europium
and lead. On the contrary, in CEMP-s/r stars our model cannot reproduce
the large abundances of neutron-rich elements such as barium, europium
and lead. This result is consistent with previous studies and suggests that
CEMP-s/r stars have experienced a different history of nucleosynthesis
compared to r-normal CEMP-s stars.
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5.1 Introduction
The population of old metal-poor stars observed in the Galactic halo carries in-
formation about the conditions under which the Milky Way was formed. In the
past three decades, the HK survey (Beers et al., 1985, 1992), the Hamburg/ESO
survey (HES; Christlieb et al., 2001, 2008) and the SDSS/SEGUE survey (York
et al., 2000; Gunn et al., 2006; Yanny et al., 2009) have collected spectra of a
large sample of very metal-poor stars and made it possible to investigate their
dynamical and chemical properties. These studies reveal a large proportion of
carbon-enhanced metal-poor (CEMP) stars. According to the original nomen-
clature proposed by Beers & Christlieb (2005), very metal-poor (VMP) stars have
observed iron abundance [Fe/H] . −2 and CEMP stars have [C/Fe] > 1; more
recently a number of authors have adopted the criterion [C/Fe] > 0.7 to define
CEMP stars (e.g Aoki et al., 2007; Lee et al., 2013; Yong et al., 2013b). The fraction
of CEMP stars among metal-poor stars is observed to rise with increasing dis-
tance from the Galactic plane (Frebel et al., 2006; Carollo et al., 2012). A strong
increase of the cumulative fraction of CEMP stars with decreasing metallicity,
from about 3% at [Fe/H] < −1 up to ≈ 75% at [Fe/H] < −4, has been confirmed
by many studies (e.g. Cohen et al., 2005; Marsteller et al., 2005; Frebel et al., 2006;
Lucatello et al., 2006; Carollo et al., 2012; Aoki et al., 2013; Yong et al., 2013b; Lee
et al., 2013).
CEMP stars are traditionally classified in three categories:
• CEMP-s stars. At least 80% of all CEMP stars also show enhanced abun-
dances of elements produced by the slow neutron-capture process (s-
elements, Aoki et al., 2007). The criterion to define these stars is based
on the abundance of barium, namely [Ba/Fe] > 0.5. A number of authors
adopt a higher threshold, namely [Ba/Fe] > 1 (e.g. Beers & Christlieb,
2005; Jonsell et al., 2006; Masseron et al., 2010).
• CEMP-s/r stars are CEMP-s stars also enriched in r-elements produced
by the rapid neutron-capture process. These stars are defined by the
abundance of europium, namely [Eu/Fe] > 1 (e.g. Jonsell et al., 2006).
• CEMP-no stars do not exhibit enriched abundances of neutron-capture
elements (Aoki et al., 2002d).
The formation scenario of CEMP stars is still uncertain. Mechansims pro-
posed to explain the large carbon abundances include: (a) the gas cloud in which
150
5.1 Introduction
these stars were formed was already enriched in carbon that was produced by
zero-metallicity and/or rapidly rotating stars (Mackey et al., 2003; Meynet et al.,
2006, 2010; Cooke et al., 2011) or expelled by the faint supernovae associated
with the first generation of stars (Umeda & Nomoto, 2003, 2005; Ito et al., 2013);
(b) the carbon-enhanced material was accreted from the envelope of a thermally-
pulsing asymptotic giant branch (AGB) primary star in a binary system onto the
presently observed low-mass companion. Because carbon and s-elements are
produced during AGB nucleosynthesis, the mass-transfer scenario provide a
natural explanation for the chemical abundances of CEMP-s stars. However,
this scenario comes with three open issues, namely: (i) the observed fraction
of CEMP-s stars with a binary companion is consistent with the hypothesis of
all being in binary systems (Lucatello et al., 2006; Starkenburg et al., 2014), but
many CEMP-no stars do not show any indication of a binary companion (Norris
et al., 2013; Hansen, 2014); (ii) the amount of s-elements produced in AGB stellar
models is usually large, except in some models with M∗ > 3 M, and this is dif-
ficult to reconcile with the low abundances of s-elements observed in CEMP-no
stars; (iii) current models indicate that in AGB stars the density of free neutrons
is not large enough for the r-process to take place, hence the enhancement of
r-elements in CEMP-s/r stars remains unexplained.
A number of authors have simulated populations of VMP stars with the aim
to reproduce the observed fraction of CEMP stars. The largest uncertainties in
these models include the amount of carbon and s-elements produced by AGB
nucleosynthesis as a function of the stellar mass, the shape of the initial mass
function (IMF) of the early Galaxy, the binary fraction, the efficiency of the mass-
transfer process and the range of separations in which it occurs. Lucatello et al.
(2005b) and Komiya et al. (2007) argue that the IMF in the early Galaxy was
weighted towards intermediate-mass stars to account for the large fraction of
CEMP stars at low metallicity, while Suda et al. (2013) and Lee et al. (2014) sug-
gest that the transition between the early (top-heavy) and the present-day IMF
at metallicity occurred between [Fe/H] = −2.5 and [Fe/H] = −1.5. However,
Pols et al. (2012) show that with an IMF biased towards intermediate-mass stars
many nitrogen-enhanced metal-poor stars are produced whereas very few are
observed.
Izzard et al. (2009) and Abate et al. (2013, A13 hereinafter) model the CEMP
population at metallicity Z = 10−4 (that is [Fe/H] ≈ −2.3) with their popu-
lation synthesis models adopting the solar-neighbourhood IMF proposed by
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Kroupa et al. (1993) and varying a set of uncertain physical parameters related
to the mechanism of mass transfer, nucleosynthesis and mixing processes. They
typically find CEMP fractions between 2% and 4%, while the observed values
found by different authors at [Fe/H] ≤ −2 vary between 9% and 25% (Marsteller
et al., 2005; Frebel et al., 2006; Lucatello et al., 2006; Lee et al., 2013). However,
their AGB evolution models are based on detailed models that do not allow
third dredge-up in AGB stars of mass below approximately 1.2 M. To increase
the CEMP/VMP fraction Izzard et al. (2009) and A13 artificially allow third
dredge-up in AGB stars down to mass 0.8 M in their models (as proposed with
independent arguments also by Izzard et al., 2004) and show that in this way it
is possible to raise the modelled CEMP/VMP ratio to & 10%.
The most recent detailed models of AGB evolution and nucleosynthesis of
Karakas (2010) and Lugaro et al. (2012) include third dredge-up in stars of
mass down to 0.9 M. In these models the nucleosynthesis products of stars
are computed in a grid of 16 initial masses in the range [0.9, 6] M, taking into
account 320 isotopes from 1H up to 210Po. In our recent work (Abate et al., in prep.,
Paper I and II hereinafter) we include the results of these detailed calculations
in our model of binary evolution and nucleosynthesis and we study in detail
the chemical composition of a sample of 66 CEMP-s stars. We compare the
surface abundances of each CEMP-s star with a grid of model binary stars and
we determine the best fit to the observed abundances. From this comparison we
conclude that our models reproduce reasonably well the chemical properties
of r-normal CEMP-s stars, but not CEMP-s/r stars, and this may indicate a
different history of nucleosynthesis for the two categories. Also, our models
typically predict orbital periods longer than the observed, suggesting that wind
mass transfer should be more efficient at close separations.
In this paper we extend our recent work on CEMP stars and we analyse the
properties of the population of CEMP stars at [Fe/H] ≈ −2.3 as a whole through
the comparison with synthetic populations. Our purpose is to answer to the
following scientific questions:
1. Is it possible to reproduce the observed CEMP/VMP ratio with our model
of binary population synthesis that includes the latest detailed AGB mod-
els of Karakas (2010) and Lugaro et al. (2012)?
2. Can we constrain our model of the wind mass transfer process, and in
particular the wind accretion efficiency and angular momentum loss?
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3. Under which conditions does our model reproduce the observed abun-
dance distributions of elements associated with AGB nucleosynthesis?
The Chapter is organised as follows. In Sect. 5.2 we describe the most
important characteristics of our model and the selection criteria that we adopt
to compare the results of our synthetic population with the observations. In
Sect. 5.3 we present the results of our models, that are further discussed in Sect.
5.4. Sect. 5.5 concludes.
5.2 Models
In this work we use the binary population synthesis code binary_c/nucsyn
described by Izzard et al. (2004, 2006, 2009) to simulate populations of stars
at low metallicity and compare them with a sample of observed stars. In this
section we summarise the physical parameters of our model (Sect. 5.2.1), the
assumptions made in our grid binary models (Sect. 5.2.2) and we describe the
method used to select the simulated stars according to their luminosity (Sect.
5.2.3).
5.2.1 Input physics
In our default model set A we adopt the same input physics as in model set A
of Paper I and II. We briefly list the most important parameters.
• The Reimers (1975) equation multiplied by a factor η = 0.5 is used to
compute the wind mass-loss rate up to the AGB. The prescription by
Vassiliadis & Wood (1993) is used for mass loss during the AGB phase,
with minimum and maximum values of the wind velocity vw = 5 km s−1
and vw = 15 km s−1, respectively.
• We use the approximation of spherically symmetric wind (A13, Eq. 4)
to compute the angular momentum carried away by the ejected material
and we calculate the wind-accretion rate according to a wind Roche-lobe
overflow (WRLOF) model described by Eq. (9) of A13. Our model sets
B and C are the same as in Paper II: in both model sets the expelled
material carries away a multiple γ = 2 of the average specific orbital
angular momentum of the binary system. In model set B we adopt an
enhanced Bondi-Hoyle-Lyttleton model of wind-accretion computed with
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Eq. (6) by Boffin & Jorissen (1988) and αBHL = 10, whereas in model set C
the default WRLOF prescription is adopted.
• The algorithms that compute the nucleosynthesis of the star through the
first and second dredge ups are based on the results of Karakas et al. (2002)
and Karakas & Lattanzio (2007) and we refer to Izzard et al. (2004, 2006)
for a thorough description.
• The algorithms to calculate the amount of material dredged up during the
AGB phase are tuned to reproduce the detailed models by Karakas (2010)
at metallicity Z = 10−4, as described in Paper I. The chemical composition
of the intershell region of the AGB star is tabulated as a function of the
mass of the star at the beginning of the AGB phase, the evolution along the
AGB and the mass of the partial mixing zone (PMZ). The mass of the PMZ,
MPMZ, is a free parameter of our model that is related with the density of
free neutrons in the intershell region and, consequently, with the amount
of s-elements produced and the element-to-element ratios. Briefly, in the
detailed models by Karakas (2010) the PMZ is the site in the interior of the
AGB star where, at the deepest extent of each third dredge up episode,
protons from the envelope are partially mixed with the material at the top
of the intershell region. In the PMZ the protons react with the 12C nuclei
of the intershell and form a 13C pocket. In the 13C pocket the 13C(α,n)16O
reaction is the source of free neutrons which become available for the
s-process. The review papers by Busso et al. (1999) and Herwig (2005)
provide a thorough theoretical discussion of the nucleosynthesis process
during the AGB phase. We refer to Karakas (2010) and Lugaro et al. (2012)
for a detailed explanation of the numerical treatment of the PMZ and to
Paper I for a description of the method we followed to implement the
results of the detailed models in our population synthesis code.
• We assume efficient thermohaline mixing: the accreted material is instan-
taneously mixed with the accreting star. Model set D simulates the con-
ditions of inefficient thermohaline mixing, in which the accreted material
remains on the stellar surface until mixed in by convection.
• In our models we assume the metallicity of the detailed nucleosynthesis
models by Lugaro et al. (2012), namely Z = 10−4. We adopt the same initial
composition as Paper I and II, based on the chemical evolution models of
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Kobayashi et al. (2011) for the isotopes up to 76Ge. For heavier isotopes we
assume the solar abundance distribution of Asplund et al. (2009) scaled
down to Z = 10−4.
5.2.2 Population synthesis
Each of our simulated populations consist of N binary stars uniformly dis-
tributed in the log10 M1 − M2 − log10 a parameter space, where M1,2 are the
masses of the primary and the secondary star, respectively, and a is the orbital
separation. Seven different values of the PMZ mass are taken into account.
The adopted grid resolution is N = NM1 × NM2 × Na × NPMZ, where NM1 = 100,
NM2 = 32, Na = 80 and NPMZ = 7. A finer grid with higher resolution does not
change our results.
The initial parameters vary in the following ranges:
• M1,i is chosen in the interval [0.5, 8.0] M. Stars of mass below 0.5 M are
not expected to be visible with the current magnitude limitation of the
observational surveys, as explained in Sect. 5.2.3. Massive stars that end
their evolution as supernovae are not considered.
• M2,i is uniformly spaced in [0.1, 0.9] M. More massive stars have already
evolved to a white dwarf after 10 Gyr and thus are excluded because they
do not contribute to the fraction of CEMP stars. By definition, initially
M2,i ≤ M1,i and therefore the initial mass ratio qi = M2,i/M1,i is always
0 < qi ≤ 1.
• We consider circular orbits with ai between 50 and 5× 106 R. Binary stars
outside this range do not become CEMP stars, either because they are too
close and they merge when the primary star becomes a giant, or because
they are too wide and do not interact. However, binary stars at closer
separations are observed: Kouwenhoven et al. (2007) analyse the binary
population of the stellar association Scorpius OB2 in the range [5, 5 ×
106] R. We assume that all binary stars are formed in this range. With
a flat distribution in log10 a this implies that with our grid we investigate
5/6 (≈ 83%) of the total population of binary stars. We take into account
this factor when calculating the CEMP fraction.
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• When the stellar mass is M∗ < 3 M we adopt the following values of
MPMZ: 0, 2×10−4, 5×10−4, 6.66×10−4, 1×10−3, 2×10−3, 4×10−3 M. MPMZ
is always zero for M∗ ≥ 3 M.
As done by Izzard et al. (2009) and A13, stars are counted according to the
sum:
ntype = S
M1,max∑
M1,min
M2,max∑
M2,min
amax∑
amin
tmax∑
tmin
δtype ΨM1,M2,a δM1 δM2 δa δt , (5.1)
where:
• S is the star formation rate (assumed to be constant) between tmin and tmax;
• tmin = 10 Gyr corresponds to the approximate age of the Halo, while
tmax = 13.7 is the age of the Universe; δt is the timestep.
• the volume unit in the parameter space is δM1 · δM2 · δa;
• δtype = 1 when the star belongs to a specific type and is zero otherwise.
Model stars are classified as follows: VMP stars are all stars older than
tmin that have not become white dwarfs; CEMP stars are VMP stars with
[C/Fe] ≥ 0.7 ; CEMP-s stars are CEMP stars with [Ba/Fe] ≥ 0.5.
• ΨM1,M2,a is the inital distribution of M1, M2, and a. We assume Ψ to be
separable,
Ψ = Ψ(M1,M2, a) = ψ(M1) φ(M2) χ(a) . (5.2)
In our default model set A the primary mass distribution ψ(M1,i) is the
initial mass function proposed by Kroupa et al. (1993), the secondary mass
distribution φ(M2,i) is flat in q and the separation distribution χ(a) is flat in
log a.
Some of the assumptions in our model are uncertain and not well constrained
by observational data, in particular: the IMF of the primary star, the distribution
of the mass ratios and separations in binary systems, the age of the Halo, and
the efficiency of thermohaline mixing in stars. To determine the effect of each of
these uncertainties on our results we modify our default model set A by varying
one assumption at the time. Table 5.1 lists some of the model sets that we tested
and their differences with respect to the default model set A.
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Table 5.1: Physical parameters adopted in our binary population models.
model set Physical parameters
(differences from model set A)
A default
A1 [C/Fe] ≥ 1.0
A4 as A1, log10(g/cm s
−2) < 4.0, no luminosity selection
B as model B of Paper I and II
C as model C of Paper II
D no thermohaline mixing
IK01 IMF of Kroupa (2001)
IL05 IMF of Lucatello et al. (2005b)
Q1 φ(q) ∝ q
Qp4 φ(q) ∝ q−0.4
SDM log-normal Pi distribution, µlog P = 4.8, σlog P = 2.3
S3 as SDM with µlog P = 3.0
T8 t∗ = 8 Gyr
T12 t∗ = 12 Gyr
5.2.3 Selection criteria
In the papers by Izzard et al. (2009) and A13 the synthetic stars are selected
from the simulations when their surface gravities are below the threshold
log10(g/cm s
−2) = 4.0. This criterion essentially restricts the analysis to giant
stars and is based on the implicit assumption that all giant stars of the Halo are
visible. In this work we replace this criterion with a more realistic selection based
on the magnitude of the stars to include in the analysis also the main-sequence
stars that are luminous enough to be visible.
To calculate the number of stars that are visible as a function of their lumi-
nosity, N(L), we follow the method adopted by van Oirschot et al. (2014). The
main steps are summarised as follows.
1. The stellar density distribution in the Halo is parameterised with the equa-
tion of an oblate spheroid in the reference frame of the Galactic centre, as
prescribed by Helmi (2008):
ρ(x, y, z) ∝ r−n
(
x2 + y2 + (αz)2
) n
2 , (5.3)
157
Chapter 5 : Binary populations synthesis of CEMP stars
where r = 8 kpc is the distance of the Sun from the Galactic center
(e.g., Moni Bidin et al., 2012), α is the minor-to-major axis ratio and n the
exponent of the density profile. For α and n we adopt the best-fit values
determined by Juric´ et al. (2008) in their three-dimensional density map of
the Galactic halo: α = 0.64 and n = −2.8 (it should be kept in mind that
the authors indicate as result of their study the ranges 0.5 ≤ α ≤ 0.8 and
−3 ≤ n ≤ −2.5).
2. Observable stars have apparent visual magnitudes in the range [Vmin, Vmax].
In our simulations Vmin and Vmax are set consistently with the detection
limits of the observational data. We compare our synthetic populations
with two different data sets, that have different magnitude ranges:
i. The observations of the SDSS/SEGUE survey (for brevity, SEGUE),
which include the effective temperatures, surface gravities and car-
bon abundances of about 13,000 very metal-poor stars with −2.5 ≤
[Fe/H] < −2.0 observed at medium resolution (Lee et al., 2013). The
formal g-magnitude range of the SEGUE survey is 14 < g < 20.3;
however, Yanny et al. (2009) state that reliable atmospheric parame-
ter measurements are possible only within the range 14 < g < 19. We
convert the limits in the g-band to 13.5 < V < 18.5 with the empirical
photometric relation (Windhorst et al., 1991):
V = g − 0.03 − 0.42 (g − r) (5.4)
where we adopt (g − r)max = 1.2, as derived from Fig. 7 of Lee et al.
(2013).
ii. A sample of 377 VMP stars with −2.8 ≤ [Fe/H] ≤ −1.8, both carbon-
normal and carbon-enhanced, mostly based on the SAGA database
(Suda et al., 2008, 2011, last updates in August, 2012). This is the
sample adopted in Paper II and includes high-resolution measure-
ments of the surface abundances of many elements. The apparent V
magnitudes of the stars in this sample vary between Vmin = 6 and
Vmax = 16.5, hence we adopt this range in our simulations.
3. Similarly to van Oirschot et al. (2014) we take into account the extinction
of stellar light according to the Galactic-dust distribution proposed by
Toonen & Nelemans (2013) and the prescription of Sandage (1972). Con-
sequently, the apparent V magnitude of a star at a distance d from the Sun
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and Galactic latitude b , 0 is:
V = MV + 5 (log10(d) − 1) + AV(∞) tanh
(
d sin b
zh
)
(5.5)
where MV is the absolute V magnitude of the star, zh = 120 pc is the scale
height of Galactic dust, and AV(∞) is:
AV(∞) =
{
0.165(tan 50 − tan b) csc b if |b| < 50◦
0 if |b| ≥ 50◦
4. Our model computes the luminosity L∗ of the simulated stars. To calculate
MV we compute the bolometric correction as a function of the effective
temperature, Teff , and surface gravity of the star adopting the values pub-
lished by Bessell et al. (1998, Table 1).
5. For each simulated star of luminosity L∗ and corresponding absolute mag-
nitude MV we compute the volume in which the star has apparent mag-
nitude Vmin < V < Vmax. We assume a maximum distance d = 105 pc. We
integrate the stellar density in Eq. (5.3) over this volume to determine the
number of visible stars with that luminosity, NL.
6. To speed up the calculations we initially calculate NL for a grid of values
of log g, Teff and log10 L∗. The intervals of these parameters in the grid
are chosen to reproduce the ranges of variation of these parameters in
binary stars of our simulations (namely: [−1, 6], [3,000, 8,000] and [−3, 5]
for log10(g/cm s
−2), Teff/K and log10(L∗/L), respectively). The values of
NL are stored in two tables, one for each magnitude range considered, as
a function of the luminosity.
7. Each star of luminosity L∗ in our simulation is counted by multiplying the
value ntype computed with Eq. (5.1) by NL. The value of NL is determined
by interpolating L∗ within the luminosities of our tables. This step is
repeated for all the synthetic populations generated with different model
sets.
Finally, we note that in our models most horizontal branch stars have large
effective temperatures, up to 10,000 K. The SEGUE and SAGA databases contain
hardly any horizontal branch star hotter than 6,000 K, possibly because hotter
stars are selected against. In our simulations these stars are typically not very
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numerous, because the time spent on the horizontal branch is short compared
to the total stellar lifetime. However, including them in our analysis modifies
the model distribution of surface gravities between approximately 2.5 dex and
3.5 dex, as noted also by Izzard et al. (2009). For this reason we exclude from
our simulations all stars with Teff > 6,000 K that have evolved further than the
turnoff. This selection has a negligible effect on the computed fraction of CEMP
stars.
5.3 Results
5.3.1 Comparison with the results of A13.
We compare the CEMP-to-VMP fraction, FC, computed with our default model
set A and model set Cq of A13. These two model sets adopt the same assump-
tions about the distributions of initial parameters, wind accretion efficiency and
mechanism of angular momentum loss. However, the selection criteria used in
these model sets are different (Sect. 5.2.3). In model set A4 the same definitions
are used as in model set Cq to select VMP stars, namely log10(g/cm s
−2) < 4.0 and
t∗ ≥ 10 Gyr, and the criterion [C/Fe] ≥ 1.0 is used to select CEMP stars. Because
model set Cq was computed assuming a range of initial separations different
from the present work, namely between 3 R and 105 R, the CEMP/VMP ratio
of model Cq has been recalculated to take into account this difference.
With these assumptions the only difference between model sets A4 and Cq is
in the adopted set of AGB evolution models. The AGB model of A13 was tuned
to reproduce the evolution of AGB star as predicted by the detailed models of
Karakas et al. (2002) and Karakas & Lattanzio (2007). In these models AGB stars
of mass below approximately 1.2 M did not experience third dredge-up and
consequently did not contribute to the formation of CEMP stars. On the other
hand, the recent work of Karakas (2010), on which our AGB model is based,
shows that AGB stars of mass down to 0.9 M undergo third dredge-up. Con-
sequently, in our model set A4 CEMP stars are formed in a wider range of M1,i.
The distributions of M1,i computed with model sets A4 and Cq are compared
in Fig. 5.1. Model set A4 peaks for M1,i in the range [0.9, 1.1] M, in which set
Cq does not produce CEMP stars. With the adopted solar-neighbourhood IMF
low-mass stars are more common and consequently model set A4 predicts a
CEMP fraction of 7.91%, i.e. a factor 3.3 larger than set Cq, as shown in Table 5.2.
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Figure 5.1: Distribution of M1,i computed with model set A4 (solid line) and
model set Cq of A13 (dashed line). The bins are equally spaced and the width in
M1,i/M of each bin is 0.1. The y-axis indicates the expected number of CEMP
stars in each bin, arbitrarily rescaled.
Model set A1 differs from model set A4 in that the model stars are selected
according to their luminosity, as described in Sect. 5.2.3. With model set A1 we
find a CEMP/VMP ratio of 8.05%. The comparison with the result of model set
A4 indicates that the selection criterion has a small impact on the total fraction
of CEMP stars. This results from the fact that in our synthetic population the
fraction of CEMP stars is very similar among stars with log10(g/cm s
−2) < 4
and above this threshold. If we reduce the minimum abundance of carbon in
the definition of CEMP stars and we adopt [C/Fe] ≥ 0.7, which is our default
assumption in this paper, the CEMP/VMP ratio increases up to 8.5% (model set
A, Table 5.3); i.e., our model produces very few stars with 0.7 ≤ [C/Fe] < 1.0.
In Table 5.2 the predictions of the model sets are compared with the observed
CEMP/VMP ratio calculated in the SEGUE and SAGA data sets. The CEMP
fraction among SEGUE stars is taken from Table 4 of Lee et al. (2013) for stars
with iron abundance in the range −2.5 ≤ [Fe/H] ≤ −2 and with [C/Fe] > 1. A
more detailed comparison between the results of our model sets and the SEGUE
sample is performed in the next section. The CEMP fraction in the SAGA sample
is approximately 24%, almost four times larger than the value determined for
SEGUE stars. We discuss this discrepancy in Sect. 5.4.
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Table 5.2: CEMP/VMP ratio, FC, calculated with model sets A1, A4 and Cq of
Abate et al. (2013). The errors convey only poissionian statistics. The SEGUE
value of FC and the uncertainty are taken from Lee et al. (2013, Tab. 4) for stars in
the range −2.5 ≤ [Fe/H] < −2. Stars from SAGA database are selected with iron
abundance in the range [−2.8, −1.8] to increase the number statistics. In all cases
CEMP stars are defined as stars with carbon abundance [C/Fe] ≥ 1.
model sets and data FC (%)
A1 8.05 ± 0.02
A4 7.91 ± 0.02
Cq (Abate et al., 2013) 2.38 ± 0.04
SEGUE 6.1 ± 1.0
SAGA database 23.5 ± 2.9
5.3.2 The fraction of CEMP stars
We compare the CEMP fraction observed in the SEGUE sample with the results
of our simulations. We select the stars according to the method explained in
Sect. 5.2.3 with the assumptions Vmin = 13.5, Vmax = 18.5 and minimum carbon
abundance in CEMP stars [C/Fe] ≥ 0.7.
In Table 5.3 we summarise the results obtained with the model sets A, B and
C. The observed fractions and relative uncertainties are computed from the data
reported by Lee et al. (2013, Table 6) for stars in the range−2.5 ≤ [Fe/H] ≤ −2. For
consistency with the assumptions of Lee et al. (2013) a minimum observational
uncertainty of 1% is adopted and stars are defined as giant, turnoff and dwarf if
their surface gravities are log10(g/cm s
−2) < 3.5, 3.5 ≤ log10(g/cm s−2) < 4.2 and
log10(g/cm s
−2) ≥ 4.2, respectively. The CEMP/VMP ratios computed among
giants, turnoff and dwarf stars are indicated as FC,gia, FC,TO, FC,dwa (columns
3 − 5). The proportions of giant, turnoff and dwarf stars among CEMP stars
are indicated as Fgia,CEMP, FTO,CEMP, Fdwa,CEMP, respectively (columns 6 − 8). The
quoted uncertainties in the models convey only Poisson statistics. In this section
we compare the observed and model fractions calculated with our default model
set A, while the comparison of the results with different model sets is the subject
of the next section.
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Figure 5.2: Distribution of log g as derived from the SEGUE sample of CEMP
stars with −2.5 ≤ [Fe/H] ≤ −2 (histogram with Poisson errors) and computed
with our default model set A (solid line). The 0.2 dex bins are equally spaced in
log10(g/cm s
−2). In this and the similar plots that follow the area under the graph
(which is the total number of stars) is normalised such that it is the same for both
the observations and our model stars.
The total CEMP/VMP fractions computed with our model sets underestimate
the observed value by a factor of 1.2 − 1.4. We notice a large difference between
the observed and modelled proportions of the three evolutionary stages among
CEMP stars. In our models almost half of the CEMP stars are on the main
sequence. In contrast, in the observed sample the CEMP dwarf stars count
for approximately 1.6% while giants and turnoff stars count for approximately
50% each. One explanation of this discrepancy is that the surface gravities
determined from the SEGUE spectra are possibly underestimated by a factor
ranging from −0.3 to −0.7 dex (Lee et al., 2013). Consequently, many dwarf
and turnoff stars in the SEGUE sample may have been erroneously classified as
turnoff and giant stars, respectively. In Fig. 5.2 the distribution of log g in the
SEGUE sample of observed CEMP stars (Lee, priv. comm.) is compared with
the results of model set A. The positions of the peaks of the two distributions
differ by approximately 0.5 dex. If we artificially decrease the log g of our
model CEMP stars by 0.5 dex to mimic a systematic offset we obtain fractions
of giant, turnoff and dwarf stars among CEMP stars of 35.4%, 60.5% and 4.1%,
respectively. However, with such a systematic offset we find that approximately
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Figure 5.3: Teff− log g probability diagram of all stars in our simulation computed
with model set A. Darker colors indicate regions of higher probability. The dotted
lines indicate the ranges of Teff and log g in which Lee et al. (2013) select the SEGUE
stars. Black crosses indicate all SEGUE stars with −2.3 ≤ [Fe/H] < −2.2.
3% of the modelled CEMP stars have log10(g/cm s
−2) < 1, while much fewer
SEGUE stars are observed at such low gravity and therefore Lee et al. (2013)
restrict their analysis to stars in the range 1 ≤ log10(g/cm s−2) < 5. An offset
in the observed surface gravities can be identified also in Fig. 5.3, in which
the temperature-gravity diagram of our synthetic population is compared to
SEGUE stars with iron abundances in the range −2.3 ≤ [Fe/H] < −2.2. The
surface gravity of the turnoff point of the observed sample appears to be shifted
by several times 0.1 dex with respect to the synthetic population.
Fig. 5.3 shows that there is also a discrepancy between the effective tem-
peratures of modelled and observed stars. To obtain the most reliable es-
timate of [C/Fe], Lee et al. (2013) restrict the SEGUE sample to stars with
4,400 K ≤ Teff ≤ 6,700 K because in this range their technique is more robust.
If we select our model CEMP stars in the range of temperatures of the ob-
served sample we find fractions of 53.8%, 5.3% and 40.9% for giant, turnoff and
dwarf stars, respectively. However, in our models most of the turnoff stars have
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Teff > 6,700 K, up to ≈ 8,000 K, regardless of the predicted abundance of carbon,
whereas in the SEGUE sample there are very few turnoff stars with Teff > 6,700 K
(which are not plotted in Fig. 5.3). This discrepancy is at least partly explained
by an inaccuracy in our model effective temperatures. Our code calculates the
effective temperature from the luminosity and the radius of the star, which are
computed with fitting formulae based on the detailed stellar models of Pols et al.
(1998). For a 0.8 M star at the turn-off point these fitting formulae reproduce
the luminosity and radius of the detailed model within a factor of 1.15 and 0.98,
respectively. However, because with binary_c the luminosity is higher and the
radius is smaller than in the detailed model, the combination of these two factors
gives an effective temperature of approximately 7,000 K, i.e. 300 K higher than
in the detailed model.
In the observed sample the CEMP/VMP ratio is found to increase significantly
with luminosity, that is, FC is smaller among dwarf stars and larger among
giants, although this relation is reversed at lower metallicity (Fe/H < −3, Lee
et al., 2013). In our models we find smaller variations of the CEMP/VMP ratio
computed for different classes of stars. The minimum CEMP/VMP ratio is
calculated among dwarf stars and the maximum among turnoff stars. Turnoff
and giant CEMP stars in the models have very similar mass distributions: the
CEMP fraction is smaller among the giants as an effect of the first dredge-up,
which depletes part of the carbon at the surface. Consequently, a turnoff CEMP
star with carbon abundance close to the threshold [C/Fe] = 0.7 has [C/Fe] < 0.7
after the dredge-up. This effect is small because in our model thermohaline
mixing already dilutes the accreted material throughout the entire star. If we
inhibit thermohaline mixing in our models the difference between FC,gia and
FC,TO increases (cf. Table 5.4).
The reason for the discrepancy between the predictions of our models and
the observations is still unclear. One possible explanation is related to the
method adopted by Lee et al. (2013) to compute FC. Stars for which only an
upper limit to [C/Fe] is available or stars with a poor carbon measurement (i.e.
if the correlation coefficient between the observed and synthetic spectrum is
lower than 0.7) are counted among carbon-normal VMP stars. Carbon lines are
more difficult to detect in the spectra of warm stars, which are therefore clearly
identified as CEMP stars only if carbon is very enhanced. As a consequence, the
CEMP/VMP ratio computed for turnoff stars is somewhat biased towards lower
values, although this effect is probably small (Lee et al., 2014). This bias is not
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Figure 5.4: Initial period distribution computed with model sets A, B and C
(solid, dot-dashed and dashed line, respectively). The 0.2 dex bins are equally
spaced in log10(Pi/days).
expected to be significant for the observed dwarf stars which are typically cooler
than turnoff stars. The fact that the observed FC,dwa is approximately a factor
of ten lower than FC,TO and FC,gia suggests that dwarf CEMP stars are selected
against in the SEGUE sample but the source of this bias is still unclear.
5.3.3 CEMP fractions computed adopting different initial pa-
rameter distributions.
The differences in CEMP/VMP ratio between the three model sets are mainly
due to the range of periods at which the secondary star accretes material from
the AGB primary star, as shown in Fig. 5.4. Model set B and C produce a
larger fraction of CEMP stars compared to set A because of the more efficient
mechanism of angular momentum loss, which allows binary systems to interact
up to longer initial periods. The largest range of initial periods is accessible to
model set C because it combines the model of efficient angular momentum loss
with the WRLOF model of wind accretion. Similar results are found by A13. In
binary systems that are initially very wide (Pi > 106 days) only relatively massive
primary stars (M1,i > 1.5 M) transfer significant amounts of mass. Such stars
are not very common according to the solar-neighbourhood IMF adopted in our
models and consequently the increase of FC in model B and C is rather modest.
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The proportion of giant, turnoff and dwarf stars depends essentially on the
mass distribution of the CEMP stars, which in turn depends on the initial mass
distribution of the secondary stars and on the accreted mass. Most CEMP stars
have masses between 0.75 M and 0.9 Mwith all our model sets. In wide binary
systems (P > 104 days) our WRLOF model typically predicts larger accretion
efficiencies than our enhanced Bondi-Hoyle-Lyttleton model, hence secondary
stars on average accrete more mass with model sets A and C compared to model
set B. As a consequence, the proportion of CEMP stars formed from systems
with initial secondary mass less than 0.7 M is 41% with model set A and C,
while it is 24% with model set B.
The properties of our synthetic stellar populations depend on our assump-
tions about the initial mass function, the initial distributions of separations and
mass ratios, the age of the Halo stellar population and the efficiency of thermo-
haline mixing. Our knowledge of these aspects is very uncertain and the initial
distributions of orbital parameters are particularly difficult to constrain for old
stellar populations. To determine how robust our results are to changes in the
input physics in our models, we simulate populations of VMP stars with a va-
riety of model sets that adopt different assumptions. The results obtained with
these model sets are shown in Table 5.4. The CEMP/VMP ratio typically varies
between 7% and 12%, with the exception of model IL05, while the proportion of
different stellar types among CEMP stars is roughly constant, except in model
D. We briefly summarise the results obtained with the different model sets:
• Model set D: the range of initial periods in which CEMP stars are formed
increases because a small amount of mass transferred from the AGB pri-
mary star on top of a dwarf or turnoff star is sufficient to enhance carbon.
Consequently, the fractions FC,TO and FC,dwa both increase, and so does the
overall CEMP/VMP ratio.
• Model sets IK01 and IL05: with the IMF proposed by Kroupa (2001) primary
stars above one solar mass are favoured compared to the default IMF,
because the IMF slope is slightly less steep, therefore with model set IK01
there is a small increase of FC. The IMF suggested by Lucatello et al.
(2005b) produces more stars with M ≥ 0.9 M (which can contribute to the
formation CEMP stars) than stars with M < 0.9 M (which do not form
CEMP stars), therefore IL05 is the model the predicts the largest CEMP/VMP
ratio.
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Figure 5.5: Left: FC calculated with model sets that assume a power-law initial
mass-ratio distribution, φ(q) ∝ qγq , with different values of γq. Right: FC of model
sets that assume a log-normal initial-period distribution with different values of
the mean, µlog P, and fixed standard deviation, σlog P = 2.3. The filled circles show
the value of FC computed with our default model set A.
• Model sets Qp4 and Q1: model set Qp4 favours systems with low mass
ratio, q = M2,i/M1,i . Binary systems with low-mass secondary stars (M2,i <
0.5 M) do not contribute significantly to the CEMP fraction because the
secondary stars need to accrete large amounts of mass, or they are not
luminous enough to be detected. As a consequence, FC decreases. On the
contrary, model set Q1 favours equal mass ratios, therefore binary systems
with relatively massive secondary stars are more common, which need to
accrete a small amount of mass to become sufficiently luminous CEMP
stars. Consequently, FC increases. In the left panel of Fig. 5.5 we show the
value of FC computed with five model sets that assume different values
of the exponent γq in a power-law distribution of the initial mass-ratio,
φ(q) ∝ qγq . The maximum CEMP/VMP ratio is found with γq = 1, i.e. with
model set Q1.
• Model sets SDM and S3: because the initial period distribution of halo
binary stars is poorly constrained, we test a variety of models with log-
normal period distributions in which we vary the mean, µlog P, while we
adopt a fixed standard deviation, σlog P = 2.3, i.e. the value determined
by Duquennoy & Mayor (1991) for the solar-neighbourhood population of
binaries with G-dwarf primaries. The CEMP/VMP ratio computed with
these models is shown in the right panel of Fig. 5.5 as a function of µlog P.
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The maximum is found with model set SDM, i.e. the Duquennoy & Mayor
(1991) distribution with µlog P = 4.8. With model set SDM the initial period
distribution peaks at orbital periods bewteen 5 × 104 and 105 days, which
is approximately the range where our WRLOF model of wind accretion
is most efficient in forming CEMP stars. Because the average orbital
period in the sample of 15 observed CEMP-s stars analysed in Paper I
is approximately 1,500 days, we assume µlog P = 3 in our model set S3.
The CEMP/VMP ratio decreases compared to model SDM because model
S3 predicts more close binary systems that undergo a common-envelope
phase and do not form CEMP stars. On the other hand, model set S3
predicts a larger CEMP/VMP ratio than our default model set A (with a
flat log P-distribution) because it forms fewer very wide systems that do
not interact.
• Model sets T8 and T12: a change in the minimum age of the stellar pop-
ulation in the Halo by ±2 Gyr does not have a large effect on FC. If the
Halo stellar population is younger the CEMP/VMP ratio is higher because
CEMP stars with mass up to about 1 M have not evolved to white dwarf
and are still visible. On the contrary, in an older Halo more stars have
become white dwarfs and consequently the fraction of CEMP stars de-
creases.
5.3.4 Orbital periods and masses of the CEMP stars.
We compare the orbital-period distribution predicted by our models with the
observed sample of 15 binary CEMP stars studied in Paper I. We exclude from
this sample the stars CS22964−161 A and B, because they have most likely been
polluted by a third companion star whose period is unknown (Thompson et al.,
2008), star LP625 − 55, because it only has a lower limit on the orbital period,
and star CS29497 − 034 which has [Fe/H] = −2.96. Our models produce most
CEMP stars in orbits longer than a few thousand days, whereas the observed
systems have orbital periods below 4,600 days. However, in the SAGA sample
only 11 out of 94 CEMP stars with −2.8 ≤ [Fe/H] ≤ −1.8 have measured orbital
period: hence, they may not be representative of the period distribution of the
entire sample. To compare the observations with the results of our models, in
Fig. 5.6 we plot the observed and modelled cumulative period distributions.
The implicit assumptions to derive the observed cumulative distribution are
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Figure 5.6: Cumulative Pf distributions for SAGA CEMP stars with −2.8 ≤
[Fe/H] ≤ −1.8 (shaded area). The lower limit of the observed distribution is
determined assuming that all CEMP stars are binaries, whereas to determine the
upper limit we assume that only CEMP-s stars are in binaries. Our model sets A
and IL05 are shown as solid and dotted line, respectively. The 0.2 dex bin of the
model distributions and are equally spaced in log10(Pf/days).
(i) that all CEMP stars are formed in binaries, most of which have unknown
periods, and (ii) that the SAGA sample is complete for Porb ≤ 4600 day. The
first assumption is probably correct for CEMP-s stars, which are mostly found in
binary systems, but it may not be valid for CEMP-no stars (Lucatello et al., 2006;
Norris et al., 2013; Hansen, 2014; Starkenburg et al., 2014). For this reason we
plot the cumulative period distribution as a range (shaded area in Fig. 5.6), in
which the lower limit corresponds to the hypothesis that all 94 CEMP stars in the
SAGA sample are binaries, while the upper limit corresponds to the hypothesis
that only the 71 CEMP-s stars in the sample are binaries. The solid and dotted
lines in Fig. 5.6 represent the cumulative period distributions determined with
model A and IL05, respectively, which bracket the distributions found with all
the other models.
Our models are consistent with the observations in the range between ap-
proximately 600 and 5,000 days, whereas they do not reproduce the observed
distribution in the period range below approximately 10 days, in which one
CEMP star is observed1, and they predict an excess of CEMP stars with periods
1Possible formation scenarios for this peculiar CEMP star of period 3.14 days are discussed e.g.
by Lucatello et al. (2003) and in Paper I.
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Figure 5.7: Mass distribution of CEMP stars (solid line) and C-normal stars (dot-
dashed line) computed with model set A. Bins of width 0.025 dex are equally
spaced in M∗/M.
between a few tens and a few hundreds of days. Because all our models predict
similar results, no model can be ruled out.
Our models predict that approximately 90% of the CEMP stars have masses
between 0.75 M and 0.95 M, with the peak of the distribution around 0.85 M.
Model set T8 predicts an analogous distribution but the peak is shifted to about
0.9 M, because some of the more massive stars have not yet become white
dwarfs. In Fig. 5.7 we compare the mass distributions computed with model
set A for CEMP and carbon-normal stars (solid and dot-dashed lines, respec-
tively). The distribution of CEMP stars is shifted towards higher mass by about
0.05 M compared to the distribution of carbon-normal stars. This difference is
a consequence of the mass accretion process: a single star of mass 0.85 M has
ascended the giant branch after approximately 10.8 Gyr and about 0.4 Gyr later
it has become a white dwarf; in contrast, if a star with an initial mass of 0.75 M
accretes 0.1 M from a binary companion and becomes a CEMP star, its life will
be longer than a “normal” 0.85 M star, because until mass accretion occurred
the CEMP star evolved as a smaller star, hence more slowly. Currently no mass
measurements of CEMP stars are available for comparison with our models but
future observations aimed to detect VMP stars in eclipsing binary systems may
allow determining whether the predicted difference in mass is correct.
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5.3.5 Abundance distributions
The SAGA database includes the observed abundances of many elements. We
compare the abundance distributions derived from the observations with the
predictions of our models. This comparison is qualitative, because the observed
sample is inhomogeneous and incomplete, but it can provide indications to
constrain our models. The magnitude limits adopted in the models are Vmin = 6
and Vmax = 16.5, consistent with the magnitude range of the VMP stars in the
observed sample. In the first part of this section we study the consequences of
adopting different masses of the partial mixing zone (Sect. 5.3.5.1) while in the
second part we compare the predictions of different model sets (Sect. 5.3.5.2).
5.3.5.1 The effect of MPMZ
The mass of the partial mixing zone is a free parameter in our models. To
understand its impact on the chemical properties of a population of CEMP stars
we compare the element distributions computed with default model set A and
four different values of MPMZ: no PMZ and MPMZ equal to 2×10−4 M, 2×10−3 M
and 4 × 10−3 M. In Figs. 5.8a–5.8d we show the abundance distributions of
sodium, light-s elements, heavy-s elements2 and lead. The histograms represent
the distributions of the observed CEMP stars and the subsample of CEMP-s/r
stars (light and dark grey, respectively). CEMP-s/r stars are plotted separately
because their history of nucleosynthesis is probably different from r-normal
CEMP stars (e.g. Jonsell et al., 2006; Sneden et al., 2008; Lugaro et al., 2009;
Bisterzo et al., 2012). Our models do not include the r-process, therefore we
do not expect to reproduce r-elements. However, the r-process is responsible
for the production of many neutron-capture elements, including some amounts
of elements traditionally associated with the s-process. In Paper II we show
that CEMP-s/r stars have different element distributions than r-normal CEMP-s
stars. In particular, the abundances of neutron-rich elements such as barium,
lanthanum, cerium and lead are typically strongly enhanced and the [hs/ls] ratio
is larger than is observed in r-normal CEMP-s stars and than predicted by our
models, in line with the results of previous studies (e.g. Bisterzo et al., 2012;
Lugaro et al., 2012).
2 The abundances of light-s and heavy-s elements are defined as [ls/Fe] =
([Sr/Fe]+[Y/Fe]+[Zr/Fe])/3 and [hs/Fe] = ([Ba/Fe]+[La/Fe]+[Ce/Fe])/3, respectively. If one of the
elements is missing, we average the abundances of the two available elements.
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In the models with a small PMZ (MPMZ = 0 and 2 × 10−4 M) the majority
of CEMP stars have normal non-enhanced abundances of sodium (Fig. 5.8a).
This is because the abundance of sodium produced in AGB nucleosynthesis is
sensitive to both the mass of the star and of its PMZ. With no or a small PMZ
only relatively massive AGB stars produce significant amounts of sodium. In
the modelled population most CEMP stars are formed in systems with a low-
mass primary star, hence the distribution peaks around the initial abundance.
On the other hand, with relatively large PMZ (MPMZ = 2 − 4 × 10−3 M) also
low-mass AGB stars produce significant amounts of sodium and consequently
the modelled distribution reproduce qualitatively the observations.
The distributions of light-s and heavy-s elements (Figs. 5.8b and 5.8c) do not
vary significantly as a function of MPMZ, because low-mass AGB stars (below
≈ 2.5 M) experience episodes of proton ingestion from the convective envelope
in the He-flash induced convection zone (Lugaro et al., 2012) and some amounts
of s-elements are produced regardless of the PMZ. Because low-mass primary
stars dominate our synthetic binary population the distributions of light-s and
heavy-s elements in CEMP stars are quite similar. In contrast, the abundance of
lead is related more strongly to the PMZ mass, as shown in Fig. 5.8d, and the
distributions obtained with small and large MPMZ are shifted by about 0.5 dex.
Models with MPMZ ≥ 2× 10−3 M are in better agreement with the observed dis-
tribution; however, none of the models can reproduce 11 observed CEMP stars
with [Pb/Fe] ≥ 2.8. Nine of these stars are CEMP-s/r stars and the discrepancy
with the models may indicate that part of the lead in these extremely enriched
stars was produced by the r-process.
The results of this comparison, as well as the results of Papers I and II,
suggest that to reproduce the chemical properties of the observed sample our
models require a relatively large MPMZ. Therefore, in the following we adopt
MPMZ = 2 × 10−3 M in our model sets.
5.3.5.2 Abundance distributions with model sets A, B, D, IL05
The modelled abundance distributions depend mostly on the distributions of the
primary and secondary stellar mass of the synthetic CEMP stars: the former de-
termines the amount of each element produced by AGB nucleosynthesis, while
the latter essentially determines how much mass is accreted and consequently
the abundance enhancement. We compare the results of our default model set A
with three model sets: model set B, which predicts a M2,i distribution of CEMP
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stars more peaked towards relatively massive secondary stars (M2,i > 0.7 M),
model set IL05, in which a significant proportion of CEMP stars are formed in
binary systems with a primary star initially above 1.2 M, and model set D, in
which thermohaline mixing is inhibited and therefore the abundances of the
accreted material are not diluted in turnoff and dwarf CEMP stars. The CEMP
fractions observed in the SAGA database and computed with these four model
sets are shown in Table 5.5. In model sets A, B and IL05 the CEMP/VMP ratios are
increased compared to Table 5.3 because for the comparison with SAGA stars we
adopt lower magnitude limits in our simulations and consequently the fainter
dwarf stars are selected against. These fainter stars have a larger proportion of
carbon-normal stars and therefore the CEMP/VMP ratios increase. On the other
hand, in model set D among the fainter dwarf stars the CEMP stars are more
frequent because of the lack of dilution and therefore FC decreases.
Figs. 5.9a–5.9d show the abundance distributions of carbon, strontium,
lanthanum and europium. We notice similar trends for all elements. Com-
pared to the default model A, model set IL05 favours more massive primary
stars, that typically produce large abundances of carbon and s-elements for
MPMZ = 2 × 10−3 M. Also, in model set IL05 more CEMP stars are formed with
M2,i ≤ 0.6 M that accrete large amounts of material from the primary star. Con-
sequently, the abundance distributions of model set IL05 are weighted towards
large enhancements. On the contrary, model set B favours relatively massive
secondary stars, M2,i ≥ 0.7 M, that accrete small amounts of material which
are more strongly diluted. Consequently, model set B predicts abundance dis-
tributions that peak at lower [El/Fe] than default model A. With model set D
dwarf stars form a clearly distinct group of stars. Because the accreted material
is not efficiently mixed throughout the entire star, these stars have a chemical
composition very similar to that of the polluting stars and hence the largest
enhancements.
The distributions of lanthanum and europium (respectively, a heavy-s and a
r-element) in Figs. 5.9c and 5.9d show that the abundances observed in CEMP-
s/r stars are outside the range that can be produced by our models. If we exclude
the CEMP-s/r stars from the sample our models qualitatively reproduce the
observed distributions. This discrepancy is observed also in the distributions
of [hs/Fe] and [Pb/Fe] (Figs. 5.8c and 5.8d). In contrast, the distributions of
carbon, sodium, strontium and light-s elements are not significantly different in
CEMP-s/r stars and r-normal CEMP-s stars. These results suggest that there is a
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Figure 5.10: Distribution of [Ba/Fe] vs [Eu/Fe]. The red distribution represents
our default model A. The grey distribution is computed adopting [r/Fe] = 1.
The dotted line indicate the thresholds [Ba/Fe] = 0.5 and [Eu/Fe] = 1 that define
CEMP-s and CEMP-s/r stars, respectively. The crosses indicate the observed
CEMP stars. CEMP-s/r are shown in blue. In the top-left corner the average
observed uncertainty is shown.
relation between the strongly enhanced abundances of the heavy-s elements and
the r-elements in the population of CEMP-s/r stars, in line with our conclusions
in Paper II.
The origin of the r-enhancement in CEMP-s/r stars is uncertain. If we start
our simulations with an initially enhanced abundance of r-elements to mimic
the effect of a primordial enrichment independent from the abundances of s-
elements, as suggested e.g. by Bisterzo et al. (2012), our models fail to repro-
duce the stars with the lowest [Eu/Fe] without improving the results obtained
for CEMP-s/r stars. Furthermore, the observed CEMP stars show a clear linear
correlation between the abundances of barium and europium: our models qual-
itatively reproduce this correlation for r-normal CEMP star, i.e. to the left of the
vertical dotted line at [Eu/Fe] = 1 in Fig. 5.10 (for model set A). As discussed by
Lugaro et al. (2012), an initial enhancement of [r/Fe]ini ≤ 0.4 dex is essentially
washed out by the europium produced in the AGB nucleosynthesis. In Fig.
5.10 we show that a value [r/Fe]ini = 1 does not affect the abundance of barium,
hence europium increases while barium does not change and the observed cor-
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Figure 5.11: As Fig. 5.10 but for the distribution of [Ba/Fe] vs [C/Fe]. The vertical
line represents the threshold [C/Fe] = 0.7. In the bottom-right corner the average
observed uncertainty is shown.
relation is not reproduced. If we adopt [r/Fe]ini = 2 to reproduce the most r-rich
CEMP-s/r stars then the abundances of the r-elements in our synthetic CEMP
stars all end up in one bin around this value.
Fig. 5.11 shows the distribution of [Ba/Fe] versus [C/Fe] computed with
model set A. An apparent correlation exists between carbon and barium in
the observed CEMP-s stars, regardless of the r-enhancement, although there is
considerable scatter in the data. In the binary scenario for the formation of CEMP
stars this correlation is a direct consequence of nucleosynthesis in AGB stars.
The amounts of carbon and barium produced by an AGB star are correlated and
depend only on the stellar mass (for a fixed PMZ). Consequently, the abundances
of carbon and barium in CEMP stars are also correlated. The spread in the
correlation is a result of the fact that CEMP stars are formed in binary systems
with a distribution of primary masses and accrete different amounts of material.
The observed correlation is qualitatively reproduced by our model, although a
fraction of the CEMP stars have barium abundance systematically larger than
the model predictions. This discrepancy suggests that our AGB models should
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produce a larger barium-to-carbon ratio.
The correlation between carbon and barium breaks down for CEMP-no stars,
whose carbon abundances are spread over two orders of magnitude and are not
well-reproduced by our models. This discrepancy may arise within the mass-
transfer scenario from the fact that a large abundance of carbon combined with a
small abundance of barium can be obtained in models of massive AGB stars (M >
2.8M) with no PMZ, and massive stars are relatively rare in our population.
However, about half of the CEMP-no stars in our sample have negative [Ba/Fe]
and with our model it is not possible to reproduce their abundances. The
formation scenario of CEMP-no stars is currently uncertain: Masseron et al.
(2010) show that there is a clear continuity from CEMP-s to CEMP-no in the
abundance trends of several elements, including C+N, O, Mg, 12C/13C and C/N,
pointing towards the scenario of mass transfer from an AGB companion. On the
other hand, the study of Starkenburg et al. (2014) indicates that these stars are not
found in binary systems more often than carbon-normal stars or, alternatively,
they belong to very wide binaries. Although the hypothesis of wide separations
is consistent with our results, the evidence that with our models most of the
CEMP-no stars are not reproduced in the C−Ba space may be an indication that
their observed carbon enhancement is not related with AGB nucleosynthesis.
5.4 Discussion
In this paper we simulate populations of binary stars at metallicity Z = 10−4 with
the purpose to investigate the mass-transfer scenario for the formation of CEMP
stars. Our models produce CEMP/VMP ratios that vary between 7% and 17%,
depending on the assumptions about the initial distributions of primary masses,
mass ratios and separations, the wind mass-transfer process, the efficiency of
thermohaline mixing and the age of the Galactic halo. A comparison with
similar studies (e.g. by Izzard et al., 2009, and A13) shows that, taking into
account the differences in the selection criteria of the synthetic stars, our default
model set A predicts a CEMP/VMP ratio more than three times larger than
previous models. In the default model adopted in A13, AGB stars of mass
below 1.2 M do not undergo efficient third dredge-up, whereas in our models
(based on the detailed calculations of Karakas, 2010) the minimum mass for
third dredge-up in AGB stars is 0.9 M. Therefore, the range of primary masses
that contribute to the formation of CEMP stars is larger and, as a consequence,
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the CEMP/VMP ratio predicted in our models increases. If in our simulations
we adopt a selection criterion based on the luminosity of the stars, instead of
a simple cut-off in surface gravity as in A13, the proportion of dwarf stars in
the CEMP population increases to approximately 50% but the total CEMP/VMP
ratio remains essentially constant.
If we adopt a solar-neighbourhood IMF, the CEMP/VMP ratio is approxi-
mately 8% for [C/Fe] > 1, consistent with the observed value of the SEGUE sam-
ple in the range −2.5 < [Fe/H] ≤ −2.0. Therefore, a change of the IMF towards
relatively large primary masses (as suggested e.g. by Lucatello et al., 2005b,
and Suda et al., 2013) is not necessary to reproduce the observed CEMP/VMP
ratio. However, the proportion of dwarf CEMP stars predicted in our models is
much larger than observed in the SEGUE sample at −2.5 < [Fe/H] ≤ −2.0. This
difference may be a consequence of the fact that the observed surface gravities
are possibly underestimated by approximately −0.5 dex. Also, the total number
of dwarf stars observed at this metallicity in the SEGUE sample is a factor four
to five lower than the number of turnoff and giant stars. This difference may
indicate an observational bias against dwarfs stars.
The CEMP/VMP ratio observed in the SEGUE sample increases by almost
a factor of two if the minimum carbon abundance in the definition of CEMP
stars is reduced from [C/Fe] = 1.0 to [C/Fe] = 0.7. On the contrary, this causes
only a small difference in the models. In Paper II we show that most VMP stars
from SAGA database exhibit carbon abundances within approximately 0.4 dex
from the average value of [C/Fe] = 0.3 dex. Assuming that carbon-normal VMP
stars in the SEGUE sample have the same distribution of carbon abundances,
and considering that an observational error of 0.3 dex is associated with carbon
abundances in SEGUE stars, one explanation of the large increase in the observed
CEMP fraction between [C/Fe] = 0.7 and [C/Fe] = 1.0 is that we are observing
the tail of the carbon-abundance distribution of carbon-normal VMP stars.
The CEMP/VMP ratios calculated among stars in the SAGA database are sig-
nificantly different from the SEGUE sample. In the range −2.8 ≤ [Fe/H] ≤ −1.8
we find FC = 27.98%, almost a factor of three larger than the value calculated for
SEGUE stars. A similar discrepancy is found with most of our model sets, which
predict CEMP/VMP ratios around 10%. Another remarkable difference with the
SEGUE sample is that the CEMP fractions from the SAGA sample increase to-
wards stars of higher log g. A possible explanation of these discrepancies is that
the SAGA sample is a compilation of all very metal-poor stars currently avail-
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able in the literature. Hence, it is an inhomogeneous and incomplete sample and
it is possibly biased towards chemically peculiar stars. However, the large dif-
ferences between the results obtained with the SEGUE and SAGA samples point
out the general problem that the measured fractions depend significantly on the
observed sample considered. Consequently, the results of the comparisons with
population synthesis models are as yet inconclusive.
In our simulations we assume a binary fraction of unity in the range of
orbital separations between 5 R and 5×106 R. For comparison, Kouwenhoven
et al. (2007) find that, with 3σ confidence, the binary fraction in the young
stellar association Scorpius OB2 is at least 0.7 and probably close to unity for
stars of spectral type A and B in the same range of separations. However, the
binary fraction of the stellar population of the Galactic halo is poorly constrained
(Carney et al., 2001, 2005; Rastegaev, 2010; Gao et al., 2014).
All our model sets predict that CEMP stars are formed in initially wide binary
systems with orbital period typically longer than 1,000 days up to approximately
106 days. The model CEMP stars have a final-period distribution that peaks
between 104 and 105 days and decreases rather steeply below 104 days. In
contrast, the observed period distribution peaks approximately at 1,500 days.
Hence, to reproduce in our models the CEMP/VMP ratio of approximately 10%
observed in the SEGUE sample (at −2.5 < [Fe/H] ≤ 2.0) we need to assume
that most of the observed CEMP stars are in very wide binary systems with
Porb & 5,000 days.
The comparison between the observed and synthetic abundance distribu-
tions provides constraints on our nucleosynthesis model and on the properties
of the progenitor systems. The chemical composition of a modelled CEMP
star depends essentially on the mass of the primary star, which determines the
elements produced by AGB nucleosynthesis, and on the initial mass of the sec-
ondary star, which determines the amount of material that needs to be accreted
so that the star after 10 Gyr is luminous enough to be visible and enriched
in carbon. Most model sets predict similar distributions of M1,i and M2,i and
consequently the abundance distributions are similar.
The modelled abundance distributions of most elements do not show a strong
dependence on the mass of the partial mixing zone. The production of s-elements
is sensitive to MPMZ especially in stars with M1,i ≥ 1.5 M, while most CEMP
stars in our simulations are formed from binary systems with M1,i ≤ 1.2 M.
In contrast, in Paper I and II we find that primary masses above 1.4 M are
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necessary to reproduce the detailed chemical composition of most observed
CEMP-s stars of our sample. Our model stars with primary mass between 1.5 M
and 2.5 M are required to reproduce the element-to-element ratios observed in
CEMP-s stars which exhibit abundant heavy-s elements and large [hs/ls] and
[Pb/hs] values. These chemical properties are observed mostly in CEMP-s/r
stars and also in some CEMP-s/nr stars. The discrepancy between the results of
the population synthesis simulations and the detailed analysis of Paper I and II
may hint that our nucleosynthesis model of low-mass AGB stars (M . 1.2 M)
should produce in some circumstances larger abundances of heavy-s elements
and lead.
Our default model set A predicts abundance distributions of light elements
(e.g, carbon and sodium) and light-s elements qualitatively consistent with the
observed distributions in all CEMP stars. In contrast, the abundance distribu-
tions of heavy-s elements, lead and europium are reproduced only in r-normal
CEMP stars, whereas in CEMP-s/r stars the abundances of these elements are
outside the range of our model. Similarly, a clear correlation between the abun-
dances of barium and europium is observed in all CEMP-s stars. Our model
reproduces such a correlation in r-normal CEMP stars, while in CEMP-s/r stars
the observed enhancements of barium and europium are too large. Consistent
results are found in the detailed analysis of CEMP-s stars performed in Papers I
and II. In Paper I we find that to reproduce the large abundances of heavy-
s elements observed in CEMP-s/r stars our models typically overestimate the
abundances of carbon, sodium, magnesium and light-s elements. Paper II shows
that in r-normal CEMP-s stars the abundances of most elements are reproduced
on average within the observed uncertainty, whereas in CEMP-s/r stars the
abundances of both heavy-s and r-elements are systematically underestimated.
These results suggest that the s- and r-processes responsible for the abun-
dances observed in CEMP-s/r stars have likely occurred in the same astrophys-
ical site. Consequently, these results indicate that in some conditions AGB stars
may be able to reach the large densities necessary to activate the r-process,
contrary to what is currently found in the AGB models. Detailed models of
AGB stars at extremely low or zero metallicity show that large neutron densities
(1012−1016cm−3, Campbell & Lattanzio, 2008; Herwig et al., 2011) may be reached
as a result of proton ingestion in the helium-flash region. Lugaro et al. (2009)
propose a speculative scenario in which extremely low-metallicity (Z < 10−5)
AGB stars may be able to produce both s- and r-elements. Further evolutionary
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and nucleosynthetic calculations are needed to test quantitatively if this sce-
nario may work also at metallicity Z ≈ 10−4 and if the predicted abundances
reproduce the chemical composition of observed CEMP-s/r stars.
5.5 Conclusions
In conclusion, in our synthetic population of very metal-poor binary stars we
find a CEMP fraction that varies between 7% and 17% depending on the initial
assumptions. Our default model set predicts a CEMP/VMP fraction of 8.5%
for [C/Fe] > 0.7. This fraction is more than three times larger than the results
obtained by Izzard et al. (2009) and Abate et al. (2013) with the same population
synthesis code. This difference is motivated by the updates that we included
in the model of AGB nucleosynthesis. In the previous work, AGB stars below
1.2 M did not undergo third dredge-up, whereas in our updated models AGB
stars experience third dredge-up down to 0.9 M. Hence, the range of primary
masses that can form a CEMP star is increased.
The observed fraction of CEMP stars depends significantly on the sample
that is taken into account. In the most recent study of the SDSS/SEGUE stellar
survey a CEMP fraction of 11.5% is found for stars with −2.5 < [Fe/H] ≤ −2.
Considering the large uncertainties associated at low metallicity with the initial
distributions of masses and separations in binary systems, the CEMP/VMP ratio
predicted with our models is consistent with the observed value, although the
models predict many more dwarf CEMP stars than are observed.
It is not possible to provide strong constraints to our model of angular
momentum loss and wind accretion efficiency, because our model sets predict
similar results and because only few observed CEMP stars have measured orbital
periods. However, the orbital periods of most synthetic stars are on average ten
times longer than the typical observed periods. This result indicates that our
models should produce more CEMP stars in binary systems below a few times
103 days, or, alternatively, that most CEMP stars have period longer than 104
days.
The population of synthetic CEMP stars qualitatively reproduces the abun-
dance distributions of carbon, sodium and light-s elements observed in all CEMP
stars. On the other hand, the observed distributions of heavy-s elements, lead
and europium are reproduced only in r-normal CEMP-s stars, whereas in CEMP-
s/r stars the abundances of these elements are underestimated. The correlation
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between the abundances of barium and europium observed in all CEMP stars
indicate that the enhancements in s- and r-elements are not independent. This
suggests that both the s- and r-processes are active in the same astrophysical
site.
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Summary and prospects
In this thesis we have investigated the physical processes that are involved in
the formation of CEMP stars. In this concluding chapter we summarise the main
results of our study and the open issues that should be addressed in future work.
CEMP stars. The observed properties of CEMP stars provide a powerful
tool to investigate the Galaxy at low metallicity. In Chapter 5 we showed that
the range of fractions of CEMP stars among very metal-poor stars calculated at
[Fe/H] ≈ −2.3 in our synthetic binary populations with different initial assump-
tions is consistent with the latest observational results based on the SDSS/SEGUE
survey. This result represents a substantial improvement compared to previ-
ous population synthesis studies, including our analysis presented in Chapter
2, which predicted CEMP fractions lower by more than a factor of three. This
large difference is because of the updated prescription for AGB nucleosynthesis
that we introduced in our population synthesis code. With this prescription
188
the minimum mass of AGB stars that undergo third dredge-up is lower than in
earlier versions of our code. Consequently, the range of primary masses that can
form CEMP stars in binary systems is increased. As a consequence, a change of
the initial mass function towards intermediate-mass stars (as suggested in the
past by a number of authors) is no longer required in our simulations to repro-
duce the observed CEMP fraction, at least at [Fe/H] ≈ −2.3. These results are
promising but a critical look indicates that more work needs to be done, because
there are large discrepancies between the modelled and observed proportions
of CEMP stars among dwarf, turnoff and giant stars. Moreover, the observed
CEMP fraction depends significantly on the considered sample. The compari-
son with a complete sample of very metal-poor stars is required in the future to
provide more tight and reliable constraints on population synthesis models and,
ultimately, to draw reliable conclusions about the properties of the halo CEMP
population. Furthermore, the fact that our work is restricted to one metallicity
represents a major limitation. In the future, this analysis needs to be extended
across a wider metallicity range, in particular at [Fe/H] ≤ −3. However, more
detailed calculations of AGB nucleosyntesis are required to proceed with this
follow-up study.
In this thesis we adopted two complementary approaches to compare our
models with the observations: in Chapters 3 and 4 we determined the models
that best reproduce the chemical compositions (and the orbital periods, when
available) of individual CEMP stars. In Chapter 5 we focused on the observed
properties of the CEMP population as a whole. The individual comparisons
provide constraints on the AGB nucleosynthesis model, in particular on the
element-to-element abundance ratios that need to be produced to match the
observations. On the other hand, the detailed comparison does not provide any
information about the probability of forming progenitor systems with initial
parameters as in the best-fitting models; this information is provided by the
population synthesis study. In this respect, the results of Chapter 5 differ from
those of Chapters 3 and 4: the main contribution to the fraction of CEMP stars in
our synthetic populations come from systems with primary mass below 1.1 M,
whereas primary stars of mass 1.4 M and above are required to reproduce the
detailed chemical compositions of approximately two thirds of the observed
CEMP-s stars in our sample.
AGB nucleosynthesis. With the most recent updates to our model of AGB
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nucleosynthesis, in Chapters 3 and 4 we were able to match fairly well the
observed abundances in r-normal CEMP-s stars and in particular to reproduce
the abundance ratios of several elements, for example the carbon-to-barium
ratio and the ratio of heavy-s to light-s elements. This result represents an im-
provement of previous studies, in which there was a fundamental problem in
reproducing at the same time the enhancements of carbon and barium observed
in CEMP stars. In the future, efforts should be focused in investigating differ-
ent aspects of AGB nucleosynthesis that are currently not well understood, in
particular: the nature of the mixing process that causes the formation of the 13C
pocket, with the aim to develop a model that calculates it self-consistently with-
out the need for a free parameter. Related to this, future studies should clarify
whether the mass of the 13C pocket remains constant during AGB evolution or
if it changes in time (and what are the implications for s-element production).
The difficulty in reproducing the observed abundances of CEMP-s/r stars is
related to our poor understanding of the neutron source in AGB stars. There is
evidence that CEMP-s/r stars have experienced a different nucleosynthesis his-
tory than r-normal CEMP-s stars. In Chapters 3 and 4 we showed that with our
models we cannot reconcile the large abundances of the heavy-s elements and
lead with the relatively low enhancements of other elements, such as carbon,
sodium, magnesium and light-s elements. On the other hand, the frequency
of binary CEMP-s/r stars and the observed correlation between barium and
europium (Chapter 5) seem to point to the same binary formation scenario as
r-normal CEMP-s stars. Detailed models of AGB nucleosynthesis at extremely
low metallicity need to be developed to investigate whether in certain condi-
tions the r-process can be activated in AGB stars.
Binary mass transfer. The Bondi-Hoyle-Lyttleton model with the approx-
imation of a fast and spherical wind provides a simplified description of the
wind mass-transfer process that may not accurately represent the real process
when the donor is an AGB star, because AGB winds in general are slow and
their geometry is easily modified by a binary companion. The wind Roche-lobe
overflow model proposed in Chapter 2 provides a more realistic description,
but further improvements to this model are still required. With this model we
fail to reproduce the observed chemical compositions of CEMP stars at the same
time as the measured orbital periods, whereas better fits to the observations
are found with a model of efficient angular momentum loss associated with
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efficient wind mass transfer (Chapter 3). Moreover, the only way to achieve
large CEMP fractions in our synthetic population is if many CEMP stars are
formed at long periods: the orbital-period distributions of our synthetic CEMP
populations peak at periods between 104 and 105 days (Chapter 5). In contrast,
observed CEMP stars have orbital periods shorter than a few thousand days.
These discrepancies indicate either that observed CEMP stars with unknown
orbital period (which are the majority) are in very wide binary systems, or that,
in the models, larger accretion efficiencies should be possible in short-period
binary systems. In the future, more hydrodynamical simulations of wind mass
transfer in binary systems with a variety of masses and orbital separations are
required to develop a model that consistently calculates the wind mass loss,
the wind accretion efficiency and the consequent variations of orbital angularm
momentum.
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Summary
The old and very metal-poor stars observed in the Galactic halo are the relics
of the early phases of star formation in the Milky Way. These stars are low
in mass and have hardly evolved since they were formed. As a consequence,
the observed chemical composition of very metal-poor stars carries information
about the primordial conditions under which our Galaxy was formed.
The commonly adopted indicator of stellar metallicity (i.e. the fraction in
mass of all elements heavier than helium) is the iron abundance observed in the
star relative to that in the Sun1. Stars are defined very metal-poor if [Fe/H] < −2,
i.e. their iron abundance is less than one hundredth of the solar value. A
significant fraction of the observed very metal-poor stars are enriched in carbon
and are called carbon-enhanced metal-poor (CEMP) stars. Most CEMP stars
also exhibit enhanced abundances of heavy elements produced by the slow
neutron-capture process (s-elements, such as strontium and barium) and are
called CEMP-s stars. One explanation for the chemical enrichment observed in
CEMP stars is that in the past they have accreted mass from the wind of a binary
companion during its asymptotic giant branch phase (AGB, i.e. the final nuclear-
burning stage of stars with initial mass between 0.8M and 8M). This scenario is
supported by the evidence that CEMP-s stars are mostly found in spectroscopic
binary systems. On the opposite, the binary scenario has some difficulties in
explaining the characteristics of the CEMP stars without the enrichment in s-
elements, which usually do not show evidence of a binary companion.
It has been argued that the large number of CEMP stars, between approx-
imately 9% and 25% of all very metal-poor stars, constitutes evidence for a
modified initial mass function at early epochs, when the metal-poor stars of
the Galactic halo were formed. The initial mass function, i.e. the frequency
1The abundance ratio of two elements X and Y is [X/Y]= log10(NX/NY)∗ − log10(NX/NY), where
NX,Y are the element densities and the symbols ∗ and  indicate the quantities determined in the
star and in the Sun.
208
Summary
distribution of stellar masses at birth, determines the number of stars that reach
the AGB phase (and produce carbon and s-elements) relative to long-lived low-
mass stars. For this reason it has direct consequences for the fraction of CEMP
stars among very metal-poor stars. The initial mass function inferred for the
stellar population in the solar neighbourhood is weighted towards low-mass
stars, which evolve slowly and do not reach the AGB phase within the age of the
Galactic halo (approximately ten billion years) and therefore do not form CEMP
stars. On the other hand, an initial mass function containing a larger proportion
of intermediate-mass stars increases the proportion of stars that reach the AGB
phase within the age of the halo and consequently the CEMP fraction increases.
The aim of this thesis is to explain the origin of CEMP stars by investigating
the binary formation scenario. The motivation for this study is to answer the
following outstanding questions: (1) how much material is accreted by the
low-mass secondary star from the AGB donor star during wind mass transfer
and how much angular momentum is carried away by the material expelled
by the binary system? (2) How do the abundances of the low-mass secondary
stars evolve after accreting chemically-enriched material from their AGB binary
companions? (3) What consequences has mass transfer for a population of very
metal-poor stars and what are the implications for the initial mass function at
early epochs?
To find an answer to these questions we use the population synthesis code
binary_c/nucsyn, which combines a model of binary evolution with a model of
synthetic nucleosynthesis. The binary-evolution model computes the evolution
of the two stars in the binary system and eventually their interactions (e.g. by
wind mass transfer or Roche-lobe overflow). The nucleosyntheis model com-
putes the products of the nuclear reactions occurring in the stellar interior and
the chemical composition at the surface of the stars. The results produced with
our code are compared with the observed properties of CEMP stars adopting
two different approaches. In Chapters 2 and 5 we perform a population syn-
thesis analysis in which we evolve a population of very metal-poor stars and
we investigate the statistical properties of the observed CEMP star population
considered as a whole. In Chapters 3 and 4 we make an individual comparison
between the observed CEMP stars and our models.
In Chapter 2 we explore a new mode of wind mass transfer, called wind
Roche-lobe overflow. This mode has been suggested by recent hydrodynamical
simulations, which show that in some circumstances the dense AGB wind slowly
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overfills the Roche lobe2 of the donor star and is funnelled towards its binary
companion. As a consequence, the efficiency of the mass transfer and the
angular momentum lost by the binary system are higher than in the canonical
wind mass-transfer model. In the canonical model the wind is assumed to
be fast and spherical and this may not accurately represent the mass-transfer
process when the donor is an AGB star, because AGB winds are in general slow
and their geometry is easily modified by a binary companion. We propose a
model for the wind Roche-lobe overflow mechanism of mass transfer and we
explore the implications of adopting this model for a synthetic population of
CEMP stars. We compare the results with the properties of the observed CEMP
population and with a synthetic population calculated with the canonical model
of wind mass transfer. If we adopt our wind Roche-lobe overflow model, the
fraction of CEMP stars in our synthetic population increases by up to a factor
1.7 compared to a population computed with the canonical wind mass-transfer
model. This increase in the synthetic CEMP fraction is not sufficient to reproduce
the observed fraction of CEMP stars at [Fe/H] ≈ −2.3, which is underestimated
by a factor of two up to ten (depending on the considered observed sample).
In Chapter 3 we introduce an updated prescription for the nucleosynthesis
in AGB stars at low metallicity into our code based on the latest generation of
detailed AGB models. We select from the literature a sample of 15 observed
CEMP-s stars with measured orbital period and we study under which condi-
tions our models reproduce, at the same time, the orbital period and the chemical
abundances observed in each of these stars. The measurement of the orbital pe-
riod provides a constraint on the initial orbital separation and hence also on the
initial masses of the stars in our binary evolution model. The observed abun-
dances constrain our model of AGB nucleosynthesis. This analysis is extended
in Chapter 4 to a larger sample of 66 CEMP-s stars without measurements of
the orbital period. For each star we find the model that best fits the observed
abundances. We analyse, for every element separately, how accurately its abun-
dances are reproduced in the observed sample to understand if statistically our
model reproduces the observations. The results of Chapters 3 and 4 show that
without the period constraint our models predict orbital periods significantly
longer than the observations. This may indicate that our model of wind accre-
tion in binary stars needs to transfer mass and lose angular momentum more
2The Roche lobe of a star is a critical volume defined by the equipotential surface in the combined
gravitational and centrifugal potential of the binary system in a corotating reference frame.
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efficiently in close orbits. We find some discrepancies between the predictions
of our models and the abundances observed in the subsample of CEMP-s stars
that are also enriched in elements produced by the rapid neutron-capture process
(r-elements, such as europium and holmium). These discrepancies suggest that
these stars have experienced a different nucleosynthesis history than normal
CEMP-s stars, because current models of AGB nucleosynthesis do not reach the
large neutron densities necessary to produce r-elements. More detailed models
of AGB nucleosynthesis need to be developed to clarify whether in certain con-
ditions the r-process is activated in AGB stars and, consequently, whether the
binary mass-transfer scenario can explain the formation of these r-rich CEMP-s
stars.
In Chapter 5 we perform a new population synthesis study in which we
test the effect of adopting different assumptions about the initial distributions
of masses and separations and about the mechanism of wind mass transfer.
We calculate the fraction of CEMP stars and we compare it with the most re-
cent observations of the SDSS/SEGUE survey, while we compare the computed
abundance distributions with the sample of CEMP stars analysed in Chapter 4.
We find a fraction of CEMP stars among very metal-poor stars more than three
times larger than in Chapter 2. This difference is because of the updated pre-
scription for AGB nucleosynthesis that we included in our population synthesis
code (Chapter 3). In earlier versions of our code (Chapter 2), AGB stars less
massive than 1.2M did not undergo third dredge-up3 and therefore did not
contribute to the formation of CEMP stars. With our updated prescription AGB
stars experience third dredge-up down to 0.9M and therefore the range of pri-
mary masses that can form CEMP stars in binary systems is increased. The
fraction of CEMP stars that we find is consistent with the observed value of
approximately 10% for stars of −2.5 < [Fe/H] < −2.0. Consequently, a change
of the initial mass function in our models towards intermediate-mass stars is
no longer required in our simulations to reproduce the observed CEMP fraction
at this metallicity. Among stars at [Fe/H] < −3 the CEMP fraction increases
rapidly and many of these extremely metal-poor CEMP stars show no evidence
of a binary companion. In the future, more work is necessary to investigate the
carbon-enrichment phenomenon for stars at extremely low metallicity.
3The third dredge-up is an episode of deep mixing that occurs periodically during the AGB phase,
in which the convective envelope penetrates in regions of the stellar interior where the material has
been processed by nuclear reactions. As a result, the products of internal nucleosynthesis (such as
carbon and s-elements) are mixed to the surface.
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Samenvatting
De oude en zeer metaal-arme sterren die we zien in de halo van de Melkweg zijn
de relikwieën van de eerste fases van stervorming in de Melkweg. Deze sterren
hebben een lage massa en zijn nauwelijks geëvolueerd sinds hun geboorte.
Hierdoor geeft de chemische samenstelling van deze sterren informatie over de
oeromstandigheden waar onze Melkweg in is gevormd.
De veelgebruikte indicator voor metalliciteit in sterren (dat wil zeggen, het
massagedeelte van alle elementen zwaarder dan helium) is het ijzergehalte
waargenomen in de ster relatief ten opzichte van dat in de Zon4. Sterren zijn
gedefiniëerd als metaal-arm als [Fe/H] < −2, dat wil zeggen als het ijzerge-
halte lager is dan een honderdste van dat in de Zon. Een significant deel van
de zeer metaal-arme sterren is verrijkt met koolstof en deze worden koolstof-
verrijkte metaal-arme (CEMP, uit het Engles carbon-enhanced metal-poor) sterren.
De meeste CEMP-sterren laten ook hogere abundantie in andere elementen
zien die geproduceerd worden door de langzame neutronenvangstproces (s-
elementen, zoals strontium en barium) en worden CEMP-s sterren genoemd.
Een uitleg voor de verrijking waargenomen in CEMP-sterren is dat ze in het
verleden massa hebben geaccreteerd van de sterrenwind van een dubbelster-
begeleider gedurende de asymptotische reuzentak-fase (AGB in het Engels, de
finale-nucleaire brandende stadium van sterren met initiële massa tussen 0.8M
en 8M). Dit scenario wordt ondersteund door het feit dat CEMP-s sterren
meestal worden gevonden in spectroscopische dubbelstersystemen. Aan de an-
dere kant heeft dit scenario problemen met het verklaren van de CEMP sterren
zonder verrijking in s-elementen, welke meestal geen bewijs voor interactie met
een dubbelsterbegeleider laten zien.
4De verhouding in abundantie tussen twee elementen X en Y wordt gegeven door [X/Y]=
log10(NX/NY)∗ − log10(NX/NY), waarbij NX,Y de dichtheden zijn van elementen X en Y, en de
symbolen ∗ en  refereren naar de waardes waargenomen in de ster en de Zon.
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Het wordt wel gezegd dat de grote aantallen CEMP-sterren, tussen 9% en
25% van alle zeer metaalarme sterren, een bewijs vormen voor een aangepaste
initiëlemassafunctie in het vroege tijdperk, toen de metaalarme sterren van in de
halo van de Melkweg werden gevormd. De initiëlemassafunctie, dat wil zeggen
de verdeling van stermassa’s bij geboorte, bepaalt het aantal sterren dat de AGB
fase bereikt (en koolstof en s-elementen produceren) relatief ten opzichte van de
lage massa sterren die erg lang leven. Daarom heeft dit directe gevolgen voor het
deel van CEMP-sterren tussen zeer metaalarme sterren. De initiëlemassafunctie
afgeleid voor de sterren in de omgeving van de Zon is gewogen naar lage-
massa sterren, die langzaam evolueren en de AGB fase niet bereiken in de
leeftijd van de Melkweghalo (ongeveer tien miljard jaar) en vormen daarom
geen CEMP-sterren. Aan de andere kant zal een een intiëlemassafunctie met
een groter aandeel middelzware sterren het aandeel vergroten van sterren in
de Melkweghalo die de AGB fase bereiken, waardoor het aantal CEMP-sterren
toeneemt.
Het doel van dit proefschrift is om de oorsprong van CEMP-sterren te verk-
laren door het dubbelsterformatie-scenario te onderzoeken. De motivatie voor
deze studie is om de volgende openstaande vragen te beantwoorden: (1) ho-
eveel materiaal wordt geaccreteerd door de lage-massa secundaire ster van
de AGB-donorster tijdens wind-massaoverdracht en hoeveel impulsmoment
wordt meegenomen door het materiaal verdreven door het dubbelstersysteem?
(2) Hoe kunnen de abundanties van de lage-massa secundaire sterren evolueren
na accreteren van chemisch-verrijkt materiaal van hun AGB dubbelsterbegelei-
ders? (3) Welke gevolgen heeft massa-overdracht op een populatie van zeer
metaal-arme sterren en wat zijn de implicaties voor de initiëlemassafunctie in
vroege tijdperken?
Om een antwoord te vinden op deze vragen gebruiken we de populatiesyn-
thesecode binary_c/nucsyn, die een model van dubbelsterevolutie combineert
met een model van synthetische nucleosynthese. Het dubbelsterevolutiemodel
berekent de evolutie van de twee sterren in het dubbelstersysteem en uiteindelijk
hun interacties (bijvoorbeeld door wind-massaoverdracht of Rocheloboverstro-
ming). Het nucleosynthesemodel berekent de producten van de kernreacties
in het binnenste van de ster en de chemische samenstelling aan het oppervlak
van de sterren. De met dit model geproduceerde resultaten worden vervol-
gens vergeleken met waargenomen eigenschappen van CEMP-sterren op twee
verschillende manieren. In Hoofdstukken 2 en 5 voeren we een populatiesynthe-
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seanalyse uit waar we een populatie van zeer metaalarme sterren evolueren en
we onderzoeken we de statistische eigenschappen van de waargenomen popu-
latie CEMP-sterren dat we als een geheel beschouwen. In de Hoofdstukken 3 en
4 maken we een individuele vergelijking tussen de waargenomen CEMP-sterren
en onze modellen.
In Hoofdstuk 2 verkennen we een nieuwe manier van wind-massaoverdracht,
de zogenaamde wind-Rochelobeoverstroming. Dit scenario wordt gesuggereerd
door recente hydrodynamische simulaties, waaruit blijkt dat in sommige gevallen
de dichte AGB-wind langzaam de Rochelob5 van de donorster overvult en
wordt doorgesluisd naar zijn dubbelsterbegeleider. Als gevolg is de efficiën-
tie van de massaoverdracht en het verloren impulsmoment van het dubbel-
stersysteem hoger dan het geaccepteerde wind-massaoverdrachtmodel. In
het geaccepteerde model wordt de wind verondersteld snel en bolvormig te
zijn en dit kan de massaoverdracht niet nauwkeurig beschrijven wanneer de
donor een AGB-ster is, omdat AGB-winden over het algemeen traag zijn en
hun geometrie wordt makkelijk beïnvloed door een metgezel. Wij stellen een
model voor het mechanisme van wind-Rocheloboverstroming van massaover-
dracht voor en we onderzoeken de gevolgen van dit model voor een syn-
thetische populatie van CEMP-sterren. We vergelijken de resultaten met de
eigenschappen van de waargenomen CEMP-populatie en met een synthetische
populatie berekend met het geaccepteerde model van wind-massaoverdracht.
Als we ons wind-Rochelobeoverstromingmodel gebruiken, stijgt het aandeel
van CEMP-sterren in onze synthetische populatie met maximaal een factor
1.7 vergeleken met een populatie berekend met het geaccepteerde model voor
wind-massaoverdracht. Deze toename in de synthetische CEMP-fractie is niet
voldoende om het waargenomen deel van CEMP-sterren reproduceren met
[Fe/H] ≈ −2.3, welke met een factor twee tot tien wordt onderschat (afhankelijk
van het beschouwde waargenomen sample).
In Hoofdstuk 3 introduceren we een bijgewerkt recept voor nucleosynthese
in AGB-sterren met een lage metalliciteit in ons model op basis van de nieuwste
generatie van gedetailleerde AGB-modellen. Wij selecteren 15 waargenomen
CEMP-s-sterren uit de literatuur met bekende omlooptijd en we bestuderen
onder welke voorwaarden onze modellen (tegelijkertijd) de omlooptijd en de
chemische abundanties waargenomen in elk van deze sterren reproduceren.
5De Rochelob van een ster is een kritisch volume bepaald door het equipotentiaaloppervlak
in het gecombineerde zwaartekracht- en centrifugaalpotentiaal van het dubbelstersysteem in een
meeroterend referentiekader.
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De meting van de omlooptijd geeft een beperking voor de initiële scheiding
van de banen en daardoor ook op de oorspronkelijke massa van de sterren
in ons dubbelsterevolutiemodel. De waargenomen abundanties beperken ons
model van AGB-nucleosynthese. Deze analyse wordt uitgebreid in Hoofdstuk
4 met een grotere steekproef van 66 CEMP-s-sterren zonder bekende omloop-
tijd. Voor elke ster zoeken we het model dat het beste past bij de waargenomen
abundanties. Wij analyseren, voor ieder element afzonderlijk, hoe nauwkeurig
de abundanties worden gereproduceerd in de waargenomen steekproef om
te begrijpen of ons model de waarnemingen statistisch reproduceert. De re-
sultaten van de Hoofdstukken 3 en 4 tonen aan dat zonder de beperking in
omlooptijd onze modellen significant langere omlooptijden voorspellen dan
is waargenomen. Dit kan erop wijzen dat ons model van de windaccretie in
dubbelsterren massaoverdracht en impulsmoment efficiënter moet verliezen in
nauwe banen. Wij vinden enige verschillen tussen de voorspellingen van onze
modellen en de abundanties waargenomen in de subgroep van CEMP-s-sterren
die ook worden verrijkt met elementen die door het snelle neutronenvangstpro-
ces worden geproduceerd (r-elementen, zoals als europium en holmium). Deze
verschillen suggereren dat deze sterren een andere geschiedenis van nucleosyn-
these hebben ervaren dan normale CEMP-s-sterren, omdat de huidige modellen
van AGB-nucleosynthese niet de hoe neutronendichtheden bereiken die nodig
is om r-elementen te produceren. Meer gedetailleerde modellen van AGB-
nucleosynthese zijn nodig om helder te krijgen of in bepaalde omstandigheden
het r-proces optreedt in AGB-sterren, en dus ook om uit te zoeken of het scenario
van dubbelster-massaoverdracht de vorming van deze r-rijke CEMP-s-sterren
kan verklaren.
In Hoofdstuk 5 voeren we een nieuwe populatiesynthesestudie uit waarin
we het effect onderzoeken van andere aannames over de initiële verdeling van
de massa’s en onderlinge sterafstanden en over het mechanisme van de wind-
massatransport. We berekenen het deel van CEMP-sterren en we vergelijken dit
met de meest recente waarnemingen van de SDSS/SEGU-studie, terwijl we de
berekende abundatieverdeling vergelijken met de CEMP-sterren geanalyseerd
in hoofdstuk 4. Hieruit blijkt dat het deel CEMP-sterren van zeer metaalarme
sterren meer dan drie keer zo groot is als in Hoofdstuk 2. Dit verschil komt
door het bijgewerkte recept voor AGB-nucleosynthese dat we gebruiken in
onze populatiesynthesecode (Hoofdstuk 3). In eerdere versies van onze code
(Hoofdstuk 2) ondergingen AGB-sterren met een massa lager dan 1.2M geen
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derde dredge-up6 en droegen dus niet bij aan de vorming van CEMP-sterren.
Met het vernieuwde recept ondergaan AGB-sterren met een massa tot 0.9M
een derde dredge-up en daardoor wordt het bereik van beginmassa’s dat een
CEMP-ster kan vormen vergroot. Het deel van CEMP-sterren die we vinden
is in overeenstemming met de waargenomen waarde van ongeveer 10% voor
sterren met −2.5 < [Fe/H] < −2.0. Als gevolg hiervan is een aanpassing van de
initiëlemassafunctie in de modellen naar middelzware sterren niet meer nodig
in de simulaties om het waargenomen deel CEMP-sterren te reproduceren met
deze metalliciteit. Onder de sterren met [Fe/H] < −3 is de fractie CEMP-sterren
snel toegenomen en veel van deze extreem metaal-arme CEMP-sterren tonen
geen bewijs van een dubbelsterbegeleider. In de toekomst is meer werk nodig
om het fenomeen koolstof-verrijking te onderzoeken voor sterren met extreem
lage metalliciteit.
6De derde dredge-up is een diepe vermenging die periodiek optreedt tijdens de AGB-fase, waarbij
de convectieve schil doordringt in gebieden van de sterkern waar het materiaal is geproduceerd
door kernreacties. Hierdoor komen de producten van interne nucleosynthese (zoals koolstof en
s-elementen) naar het steroppervlak.
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